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PART  1.  TONAL  PRESSURE  AND  VELOCITY  FLUCTUATIONS 


ABSTRACT 

A  comprehensive  evaluation  has  been  made  of  the  vortex 
structures  in  the  near  wakes  which  exist  behind  various  shapes  of 
trailing  edges  as  used  on  many  lifting  surfaces.  This  structure, 
in  the  form  of  fluctuating  velocities  and  correlation  scales,  lias 
been  related  both  experimentally  and  analytically  to  the  surface 
pressure  fluctuations  which  were  measured  on  these  same  trailing 
edges.  It  is  shown  herein  how  the  wake  structures  and  the 
observed  behavior  of  the  surface  pressures  relate  to  the  techniques 
of  theoretical  modeling  of  flow-induced  surface  pressures  and  far 
field  sound.  In  this  report  which  features  measurements  of  wake 
and  pressure  fluctuations  that  are  characterized  by  strong  tonal 
content,  the  chordwise  variation  of  the  magnitudes  of  the  tonal 
pressures  are  shown  to  be  determined,  through  a  nearly  unique 
functional  form,  by  the  strengths  and  formation  lengths  of 
vortices  in  the  near  wake.  The  frequency  of  vortex  shedding  has 
not  only  been  found  to  conform  to  Bearman's  (1967)  universal 
Strou  .al  number  based  on  the  far  wake,  but  also  on  parameters 
character ist ic  of  the  near  wake.  This  Strouhal  number  is  defined 
as  u^y^/U  -  1;  is  the  frequency  of  vortex  shedding,  y^  is  a 
lateral  shear-layer  dimension  defined  at  formation,  and  Ug  is 
Roshko's  (1954)  shedding  velocity.  Conditions  for  the  occurrence 
or  non-occurrence  of  tones  are  given  for  the  trailing  edges 
examined.  A  corresponding  theory  for  tonal  sound  radiation  is 
given  and  confirmed  using  measurements  by  Brooks  and  Hodgeson 
(1981)  . 
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INTRODUCTION' 


Flow  past  the  trailing  edge  of  a  lilting  surface  can  be  the  source  of  both 
tonal  and  continuous  spectrum  noises  occurring  either  separately  or  simultaneously. 
The  subject  receiving  the  most  attention  in  previous  work,  however,  has  been  trail¬ 
ing  edge  vortex  shedding  and,  in  particular,  a  tonal  phenomenon  called  singing.  In 
general,  the  flow-body  coupling  required  for  singing  may  be  facilitated  through  a 
vibration  or  an  acoustic  path,  and  the  flow  on  the  surface  could  be  either  laminar 
or  turbulent.  In  typical  applications  at  a  high  enough  Reynolds  number  tliat  the 
boundary  Livers  on  the  surface  are  fully  turbulent,  the  vortex  shedding  at  the 
trailing  edge  may  become  nonlinearly  coupled  to  vibration  of  the  edge  and  produce 
eniianc ed  vibration  and  sound.  This  problem  is  a  common  hydroelastic  phenomenon 
observed  on  turbines  and  propellers.  In  aeroacoust its  it  may  be  the  source  of  some 
high-frequency  helicopter  noise  measured  by  Leverton  (1973).  At  large  enough 
Reynolds  numbers  of  practical  significance,  the  boundary  layers  on  both  surfaces  of 
the  foil  are  turbulent,  and,  if  the  surface  is  also  rigid  with  a  sharp  trailing 
edge,  then  the  trailing  edge  flow  appears  to  be  hydrodynamical Ly  stable,  as  shown  by 
Chevray  and  Kovasznay  (1969).  In  such  turbulent  surface  flows  a  certain  degree  of 
edge  bluntness  is  required  to  promote  regular  vortex  shedding.  Such  bluntness  may 
also  be  required  in  a  practical  sense  to  preserve  structural  integrity  of  the  lift¬ 
ing  toil .  It  is  noted  that  when  the  bounds rv  levers  are  laminar  or  transitional, 
times  may  be  generated  when  the  trailing  edge  is  sharp,  hut  as  Reynolds  number  is 
increased,  l he  propensity  for  tonal  excitation  diminishes.  This  report  will  be 
restricted  to  lifting  surfaces  with  fully  developed  turbulent  boundary  layers  and 
some  degree  of  edge  bluntness. 

The  earl iest  work  in  this  general  area  addressed  the  frequencies  of  vortex 
.held ing  and  ( he  determination  of  means  to  reduce  turbine  and  propeller  blade  sing¬ 
ing  through  the  use  of  modification  of  trail  ing  edge  geometry .  Notable  work  in  tills 
ate. i  e  that  of  Congwer  (1932),  Heskestad  and  filberts  M  960),  Toebs  and  Kagleson 
<  1  ''cl )  ,  an.l  Fu-g.leson  et  il.  (1961),  in  who  h  various  definitions  of  Strouhal  number 
were  examined.  it  was  found  that  the-  most  severe  aerohyd  roe  1  as  t  ic  oscillations 
i  on  Id  be  attained  with  either  blunt  trailing  edges  or  those  which  are  symmetrical  1 y 
leveled .  The  so  studies  produced  only  qualitative  ind  ioat  ions  of  the  driving  forces 
! rum  the  wake,  although  non svmmet r ica 1 l v  leveled  edges  such  as  the  30"  angle  edges 
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and  the  fluctuating  velocity  along  the  y  =  y^/2  locus  actually  reflects  the  structure 
of  vortices  in  the  wake. 

This  measurement  was  performed  by  moving  an  anemometer  probe  along  the  locus  of 
filtered  turbulence  maxima  in  the  upper  side  of  the  wake  that  is  shown  in  Figure  5. 
The  space-t ine  correlation  of  pressure  and  velocity  is  written  as 


p(x  =  -0.1  t)  u(x,  t+i) 


K 

pu 


(r 


x 


r)  = 


(6) 


where  P^(t)  =  p(x  =  -0.3  in.,  t)  is  the  unfiltered  fluctuating  pressure  at  a  loca¬ 
tion  is  close  as  possible  to  the  tip,  i.e.,  at 
x  =  -0.3  in. 

t  =  t  ime 

u(x,t)  =  the  local  velocity  along  y  =  y  / 2 ,  and  x  is  measured  from  the  trailing 
edge . 

The -correlation  lias  been  normalized  on  the  root-mean-scjuare  fluctuating  pressure  at 

the  tip  and  the  local  free-streara  velocity  U  .  Bv  using  U  rather  than  the  local 

_ i  o  '  o 

root-mean-square  velocity,  u^  Cf  ),  as  a  normalizing  factor,  we  can  determine  the 
relative  influences  of  specific  locations  of  the  wake  on  the  fluctuating  pressure. 

The  measured  correlations  for  U  =  100  ft/s  are  shown  in  Figure  7.  The  upper  curve' 
is  the  spatial  correlation,  which  reaches  a  value  R  (x,0)  =  -0.25  at  x  =  0.5  in. 

pu 

and  a  value  H  (x,0)  =  +0.25  at  x  =  2.1  in.  Zero-crossings  occur  at:  x  =  1.1  in.  and 

x  =  3.5  in.  The  correlation  coefficient  evaluated  at  constant  phase  is  determined 

by  R  (x,  ) ,  where  ;  increases  from  zero,  and  it  essentially  correlates  the 

pu  m  m 

pressure  with  a  developing  vortical  disturbance  as  it  moves  downstream  We  shall 

call  this  the  moving-eddy  correlation,  and  it  shows  that  although  the  coherence  is 

greatest  at  the  end  of  the  formation  region  its  magnitude  essentially  follows 

that  of  vi  ^  ^  ( f  )  The  correlation  eotffic  ient  sased  on  *(  f  ),  therefore,  is  unity, 

which  simply  means  L  Ira  t  the  pressure  is  «  aused  •  nt  i  re  1  v  by  the  fully  coherent  vortex 

street.  The  values  of  the  time  delay  for  the  moving-eddy  correlation  are  used  to 

m 

obtain  approximate  convert  ion  velocities  d,  t  inch  as  V  -  Vx/.'  .  terms  r  and 

e  m  i  m 

are  shown  at  the  bottom  of  Figure  7.  I  he  varvinp  slope  in  the  curve  of  versus  x 

.si  m 

shows  tliat  when  the  vortex  begins  to  form  t  rota  the  tree  shear  layer,  the  pressure 
lias  generated  t  lie  vortex  field  which  is  initially  slow-moving.  As  the  vortex 


characteristic  of  the  shear-layer  at  the  point  of  separation.  Justification  for 
this  variable  is  offered  later  in  paragraph  4.1.  This  speed  has  been  introduced  by 
Roshko  (1954)  through  the  theory  of  potential  flow  to  be  related  to  the  static  base- 
pressure  coefficient  by 


U 
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The  dimensionless  f iltered-pressure  levels  show  a  maximum  at  a  dimensionless  fre¬ 
quency  to  y,/ U  =  1.  The  bandwidth  of  the  pressure  levels  appear  greater  for  a  speed 
Si  s 

of  50  than  for  100  ft/s.  However,  at  both  speeds  the  bandwidths  of  the  measured 
pressure  are  controlled  by.  the  filter  for  which  the  dimensionless  bandwidths  are 
Ao)y^./Ug  <  3;  and  the  broadband-pressure  levels  just  upstream  of  the  tip  at  x  =  0.3 
in.  are  a  factor  of  6  to  10  in  excess  of  those  measured  upstream  at  Position  6,  x  = 
13  in.  Very  close  to  the  edge,  it  appears  that  both  the  tonal  and  continuous- 
spectrum  levels  at  low  frequency  are  increased  in  the  same  proportions,  while  far 
upstream  at  x  =  13  in.  the  continuous-spectrum  levels  are  typical  of  those  measured 
in  fully-developed  turbulent  boundary  layers  with  vanishing  streamwise  pressure 
gradient. 


3.2  VORTEX  STRUCTURE  RELATED  TO  SURFACE  PRESSURE 

The  magnitudes  of  the  fluctuating  pressure  generated  by  the  wake  depend  on  both 
the  strength  of  the  vertices  shed  into  the  wake  and  the  proximity  of  the  vortices  to 
the  edge.  The  frequency  of  the  pressures  is  the  same  as  the  rate  of  formation  of 
vortices,  and  it  is  given  by  the  ratio  of  the  local  speed  of  the  convected  vortices 
(relative  to  the  fixed  edge)  to  the  streamwise  spacing  of  adjacent  vortices  in  a 
single  row.  The  cross-wake  spatial  variation  of  local  fluctuating  velocity  shown 
in  Figure  5  is  typical  of  that  in  a  street  of  fully-developed  vortices.  The  varia¬ 
tion  has  been  related  to  the  geometry  of  the  configuration  of  the  vortices  by 
Schaefer  and  Eskinazi  (1959).  They  have  shown  that  the  maximum  of  u-^f  ),  i.e. , 

v  =  y  /2.  coincides  with  the  locus  of  the  peripheries  of  the  vortex  cores  rather  than 
o 

the  locus  of  centers  of  the  vortices.  The  diameter  of  each  vortex  core  was  shown  to 
extend  approximately  from  the  position  of  maximum  filtered  velocity  to  the  centerline 
of  the  wake.  The  strength  of  each  vortex  is  proportional  to  the  product  of  the 
diameter  of  the  vortex  core  and  the  tangential  velocity  at  the  periphery  of  the  core. 
Therefore,  measurement  of  the  correlation  between  the  fluctuating  surface  pressure 
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maximum,  according  to  the  Bearman  (1965)  criterion,  signifies  the  end  of  the  vortex 
formation  region  x  =  ,  where  x  denotes  downstream  distance  from  the  edge. 

The  root-mean-square  fluctuating  surface  pressures,  which  are  set  up  by  the 
induction  field  of  the  vortex  street  wake,  were  filtered  in  a  12.5-Hz  band  centered 
on  the  shedding  frequency  fg,  and  measured  at  increasing  distances  upstream  from 
the  trailing  edge.  As  shown  in  the  upper  part  of  Figure  5,  their  pressures,  non- 
dimensionalized  on  the  dynamic  head  of  the  inflow,  diminish  in  level  along  a  direc¬ 
tion  in  line  with  the  chord.  They  are  also  in  common  phase,  showing  an  expected 
lack  of  convection.  The  frequency  spectra  of  these  pressures,  at  two  locations  along 
the  chord,  (shown  in  Figure  6)  have  a  single  dominant  peak  at  f  =  f  .  An  auto¬ 
spectrum  of  the  fluctuating  base  pressure  displayed  a  single  peak  at  f  =  2fg.  The 
narrowband,  root-mean-square  base  pressure,  filtered  at  f  =  2fg  has  a  value  of 
0.15  qrj.  The  circular  frequency  of  shedding  'u  =  2rf^  has  been  made  dimensionless 

on  the  cross-wake  distance  between  filtered  turbulence  maxima  y  =  yr ,  and  evaluated 

o  f 

at  x  =  These  parameters  are  indicated  in  the  inset  to  the  figure.  The  Ug  is 


Figure  6  -  Mean-Square  Pressures  Measured  on  the  Blunt  Edge  in  12.5  Hz  Bands  at 
the  Tip 
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to  be  linearly  dependent  on  U  .  To  compare  shedding  frequencies  in  this  earlier 
work,  we  note  that  the  Strouhal  number  based  on  the  strut  thickness  is 

N  =  f  h/U  =  0.23.  (4) 

st  s  00 

This  number*  is  somewhat  smaller  than  that  reported  by  Greenway  and  Wood  at  a  lower 
Reynolds  number  with  laminar  upstream  flow  N  =  0.286;  however  it  is  in  agreement 
with  their  value  of  N  =  0.24  obtained  at  a  high  Reynolds  number  with  turbulent 
upstream  flow.  The  current  value  compares  favorably  with  Bearman's  value,  N  = 

0.24,  for  a  blunt  edge  and  turbulent  upstream  flow  without  a  splitter  plate.  All  of 
the  previously  mentioned  differences  in  dimensionless  shedding  frequency  are  most 
likely  due  to  variations  in  the  wake  thickness  occurring  in  the  various  experiments, 
and  they  reflect  the  observation  (Bearman  1965)  that  N  is  not  a  universal  scaling 
number.  One  of  the  purposes  of  the  next  section  will  be  to  review  various  frequency¬ 
scaling  hypotheses  in  light  of  the  current  measurements. 

The  mean  velocity  profiles  of  the  flow  on  the  strut  and  in  the  near  wake  of  the 
strut  are  shown  at  the  center  of  Figure  5.  At  the  bottom  of  the  figure  are  shown 
the  vertical  profiles  of  root-mean-square  filtered  fluctuating  velocity  fluctuations 
u2*(f  )  in  the  wake  which  were  found  to  be  strongly  tonal.  These  velocities  were 
filtered  in  1/10-octave  bands  centered  on  the  shedding  frequency  f  ,  and  are  con¬ 
trolled  by  the  vortex  street  wake.  Within  0.5  in.  of  the  strut,  the  profiles  display 
sharp  maxima  near  the  corners  of  the  edge  and  broader  peaks  closer  to  the  centerline 
of  the  wake.  The  sharp  peaks  in  intensity  are  associated  with  nonlinearly  growing 
disturbances  in  the  shear  layers,  while  the  peaks  near  the  centerline  are  probably 
caused  by  a  secondary  vortex  system.  For  x  >  5  in.,  the  profiles  of  u25(fg)  display 

maxima  at  each  of  the  corners  of  the  edge  and  broaden  in  spatial  as  the  disturbances 

are  convected  away  from  the  strut.  The  locus  of  the  filtered  intensity  maxima  in  the 
upper  wake  is  sketched  in  the  upper  part  of  Figure  5.  The  values  of  u22(f  )/UQ  show 

an  absolute  maximum  at  r  =1.3  in.  and  then  diminish  with  distance  downstream.  This 

x 

*In  this  case,  the  definition  is  practically  equivalent  to  that  of  Gongwer 
(1952)  which  replaces  h  by  h  plus  the  sum  of  momentum  thicknesses  of  the  boundary 

layers  shed  off  the  edge.  Thus,  h  +  20  =  2.14  in.  and  f  (h  +  20)/U<m  =  0.25,  which 

is  somewhat  greater  than  the  value  of  0.19  obtained  by  Gongwer. 
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Figure  4  -  Normalized  Mean  Velocity  Profiles  Incident  on  the  Trailing  Edges 

and  was  found  to  be  =  3.2  x  10  \  slightly  lower  tlian  that  given  by  Schlichting 
(1960)  for  a  naturally  developed  boundary  layer  on  a  smooth  wall  at  the  Reynolds 
number  U  x/v. 

Spectral  densities  of  the  turbulent  velocities  are  typically  normalized  on  the 
local  mean  velocity  U(y),  the  boundary-layer-displacement  thickness  1 * ,  and  the  mean 
square  velocity  u^-;  in  this  paper  they  are  considered  two-sided  so  that 

-  OO 

*  f  #  (  j)  doj  (3) 

I  uu 
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where  ou  is  the  radian  frequency.  Turbulence  spectra  measured  in  the  attached 


Figure  3  -  Mean  and  Turbulent  Velocity  Profiles  for  Position  4  (Open  Points)  and 
B  (Closed  Points)  on  Strut  with  the  25°  Rounded  Trailing  Edges 


different  edges;  measurements  were  performed  at  those  locations  for  all  edges.  The 
results  in  Figure  2  show  the  sharp  static  pressure  minimum  forward  of  microphone 
Position  1,  followed  by  a  steep  adverse  pressure  gradient  which  caused  a  laminar 
separation.  This,  as  far  as  trail ing-edge  flow  was  concerned,  merely  served  to  trip 
the  boundary  layer.  Further  downstream,  the  static  pressure  varied  slightly,  becom¬ 
ing  somewhat  favorable  forward  of  the  trailing  edge.  Magnitudes  of  the  favorable 
and  adverse  pressure  gradients  at  the  trailing  edges  were  dependent  on  the  shape  of 
the  edge.  For  all  except  the  blunt  trailing  edge,  the  favorable  pressure  gradient 
from  x  =  28  in.  to  x  =  34  in.  shown  in  Figure  2  is  typical.  Therefore,  the  statis¬ 
tics  cf  the  boundary  layer  for  all  Positions  1  through  B  were  unaltered  by  changing 
the  bevel-trailing  edges,  and  only  slightly  modified  at  Position  B  by  installing  the 
blunt  edge.  This  difference  in  local  static  pressure  is  thought  to  be  caused  by  the 
slight  change  in  camber  brought  about  by  the  use  of  unsymmetr ical  versus  symmetrical 
edges . 

The  mean  and  turbulent  velocity  profiles  for  Positions  4  and  B  are  shown  in 
Figures  3  and  4  in  each  of  two  conventional  representations.  In  Figure  3,  the 
mean  velocity  (J(y)  and  root-mean-square  turbulent  velocity  u2  2  are  expressed  as 
fractions  of  the  local  free-system  velocity  U  .  Distance  normal  to  the  plane  of  the 
strut  y  is  normalized  on  the  boundary-layer  thickness  6,  which  is  defined  by  U(6)  = 

0.99  U  .  The  mean  velocity  profiles  appear  to  be  similar,  indicating  that  an  equi- 

o 

librium  boundary  layer  has  been  formed  on  the  strut.  Klebanoff’s  (1955)  longitudinal 
turbulence  intensities  are  shown;  levels  in  the  outer  region  of  the  boundary  layer 
on  the  strut  are  higher  than  those  of  Klebanoff.  That  they  decrease  from  Position  4 
to  Position  B  suggests  that  the  levels  at  Position  4  are  Influenced  by  large-scale 
disturbances  associated  with  the  leading-edge  separation  that  are  diminished  at 
Position  B.  Close  to  the  wall  y/S  <  0.15,  the  measured  intensities  are  lower  than 
those  measured  by  Klebanoff.  In  Figure  4,  the  friction  velocity  is  given  by 


ux  =  /\Ao 

where  r  is  the  local  wall  shear  used  to  normalize  the  velocity.  The  value  of  U 
w  1 

was  determined  by  curve  fitting  to  the  law  of  the  wall,  as  described  by  Perry  and 
Joubert  (1963).  The  local  wall-shear  coefficient  at  x  =  32  in.  and  =  100  ft/s  is 

0,  =  t  K\  f>  U2)  (2) 

f  w  o  o 
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Figure  2  -  Static  Pressure  Distribution,  Cross-Section  Shape,  and  Microphone 

Locations  of  the  Strut  Outfitted  with  the  25°  Rounded  Trailing  Edge 


-CP  = 


l/2p  IT 
o  " 


(1) 


where  P^  is  the  ambient  pressure  far  from  the  strut,  P  is  the  local  static  pressure 
on  the  strut,  p  is  the  fluid  density,  and  is  the  mean  velocity  that  was  trivi¬ 

ally  altered  by  modifying  the  edges.  The  lettered  locations  near  the  trailing  edge 
are  those  for  which  the  static  pressure  was  influenced  to  varying  degrees  by  the 
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2 . 2  INSTRUMENTATION 


The  static  pressure  variation  along  the  chord  was  measured  in  the  standard 
manner  using  pressure  taps  along  both  sides  of  the  strut,  including  the  stagnation 
point,  (see  Blake  (1975a)).  The  flow-induced,  surface-pressure  fluctuations  on  the 
strut  were  measured  using  "pinhole"  microphones  with  a  1/ 32-in. -diam  as  described 
by  Blake  (1970).  Probe-tube  extensions  were  used  to  measure  the  pressure  spectra  at 
narrow  thicknesses  of  the  trailing  edge.  The  probe  tube  acts  like  a  low-pass  filter 
between  the  microphone  and  the  fluctuating  pressure  source.  The  amplitude  response 
was  determined  to  be  flat  for  frequencies  less  than  2  kHz,  see  Blake  (1975).  For 
certain  of  the  edges  miniature  Kulite  strain  gage  microphones,  of  diameter  0.08  in., 
were  used  when  space  limitations  did  not  permit  the  use  of  the  condenser  microphones. 
Turbulent  velocity  fluctuations  were  measured  using  standard  constant-temperature 
anemometry  with  a  linear izer.  Probe  and  probe  supports  were  aerodynamically  shaped 
to  minimize  vibration  from  vortex  shedding  from  the  supports. 

All  of  the  auto  and  cross-spectral  densities  of  wall  pressure  as  well  as  the 
pressure-velocity,  cross-spectral  densities  were  obtained  with  a  real-time  analyzer 
system.  The  spectral  densities  were  determined  digitally  using  a  fast  Fourier- 
transform  algorithm  with  a  Hanning  window.  Sample  sizes  of  at  least  256  (occasion¬ 
ally  larger)  were  used  with  effective  analyses  bands,  ranging  from  12.5  to  62.5  Hz. 
The  bandwidths  of  analyses  were  constant  over  each  complete  frequency  range,  which 
was  either  from  0  to  2  or  0  to  20  kHz. 

Broadband  correlations  were  made  with  a  digital  correlator  instrument  that  dis¬ 
played  both  auto  and  cross  correlation  functions  at  100  computed  points,  with  time 
delays  from  100  us  to  100  s  possible.  The  digital  equivalent  of  resister -capac itor 
circuit  (RC)  averaging  was  used. 

2.3  CHARACTERISTICS  OF  FLOW  UPSTREAM  OF  THE  EDGES 

The  measurements  of  the  boundary-layer  velocity  profiles  on  the  body  of  the 
strut  served  to  establish  that  the  turbulent  flow  field  upstream  of  the  edges  was 
typical  of  that  which  exists  in  fully  developed  boundary  layers  on  flat  surfaces. 
Because  of  the  flow  separation  at  the  leading-edge,  the  boundary  layers  incident  on 
the  edge  were  extensively  surveyed  to  establish  that  both  turbulence  streams  of  the 
edges  could  be  taken  as  typical.  Figure  2  shows  the  chordwise  static  pressure 
distribution  and  the  cross-section  shape  of  the  strut,  which  was  outfitted  with  the 
25°  rounded  trailing  edge.  The  static  pressures  are  expressed  as  the  coefficient. 
Thus , 
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tunnel  with  an  anechoic  chamber.  The  broadband  turbulence  intensity  level  in  the 
tunnel  at  a  centerline  speed  of  150  ft/s  has  been  shown  by  DeMetz  and  Casarella 
(1973)  to  be  about  0.08%.  A  full  account  of  the  equipment  and  instrumentation  for 
the  studies  comprising  this  report  is  given  in  a  report  (Blake  (1975a)  and  in  sub¬ 
sequent  papers  Blake  (1975b)  and  (1977);  therefore,  only  salient  features  will  be 
summarized  here. 

2.1  STRUT  AND  TRAILING  EDGES 

The  working  strut  (Figure  1)  on  which  most  of  the  work  in  this  paper  was  done, 
had  a  circular  leading  edge,  which,  due  to  laminar  separation,  tripped  the  turbulent 
boundary  layer  on  the  downstream  flat  section.  Excluding  the  removable  trailing- 
edge  sections,  the  strut  was  3  ft  in  chord  with  a  uniform  thickness  of  2  in.  and  a 
span  of  4  ft.  Four  trailing  edges  were  used;  one  was  squared  off  and  three  were 
unsymmetr ically  beveled.  Of  the  beveled  edges,  one  had  an  included  tip  angle  of  45° 
and  a  length  of  4  in.  The  other  had  an  included  tip  angle  of  25°  and  a  length  of 
6  1/4  in.  The  45°  edge  and  one  of  the  25°  edges  were  faired  with  5-  and  10-in. 
radii,  respectively,  to  give  a  continuously  increasing  pressure  gradient.  The  other 
25°  edge  had  a  knuckle,  2  in.  from  the  strut  attachment  point.  Both  the  strut  and 
the  trailing  edges  were  constructed  from  pine  and  plywood  and  were  painted  to  main¬ 
tain  a  smooth  surface.  The  characteristics  of  both  of  the  trailing  edges  with  25° 
bevel  will  be  discussed  in  the  sequel  paper  because  throughout  most  of  the  Reynolds 
number  range  of  these  experiments,  the  two  edges  with  25°  bevels  did  not  generate 
wakes  with  tonal  character.  The  edges  have  been  categorized  in  Figure  1  as  produc¬ 
ing  tonal  or  continuous-spectrum  flow  fields. 

Discussions  in  Section  4  of  this  paper  will  draw  on  an  additional  strut  utilized 
for  hydroelastic  observations,  Blake  (1975b).  The  strut  was  rigidly  fastened  in  a 
vertical  position  to  the  floor  of  the  tunnel  at  the  end  of  the  upstream  test  section, 
adjacent  to  the  anechoic  chamber.  An  end  plate  in  the  form  of  a  plywood  panel  (8  ft 
long  and  5  ft  wide)  was  attached  to  the  top  of  the  strut  and  to  the  walls  of  the 
tunnel  in  half.  The  measured  values  of  fluctuating  wall  pressures  on  the  blunt 
trailing  edge  of  the  strut  were  uniform  over  an  8-in.  spanwise  section,  showing  that 
the  flow  was  essentially  two-dimensional  across  the  span  of  the  strut. 
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The  flow  parameters  selected  for  measurement  in  this  work  were  selected  on  the 
hasis  of  their  theoretical  importance  for  vibration  and  aerodynamic  sound  genera¬ 
tion.  Thus,  to  answer  the  questions  of  whether  or  not  tonal  or  nontonal  sound  or 
vibration  will  be  generated,  and  of  what  the  magnitude  of  the  disturbance  will  be, 
in  either  case,  requires  knowledge  of  the  correlation  properties  of  the  surface 
pressure  at  the  trailing  edge.  In  the  case  of  aerodynamic  tone  generation,  for 
example,  available  theoretical  models  give  the  radiated  sound  in  terms  of  wake 
vorticity  and  the  convection  velocity  of  that  vorticity  relative  to  the  trailing 
edge.  The  analytically-determined  surface  pressure  generated  is  dependent  on 
whether  or  not  a  Kutta  condition  is  imposed  at  the  trailing  edge.  It  is  shown  in 
this  paper  by  using  an  analytical  model  of  the  vortex-induced  surface  pressures  at 
the  edge,  that  a  full  Kutta  condition  should  not  be  applied  in  this  case. 

The  discussions  will,  therefore,  be  divided  into  two  parts.  This  Part  1  will 
deal  with  the  unsteady  flow  fields  of  the  near  wakes  characterized  by  periodic 
disturbances.  Also,  dimensionless  representations  of  the  wake-induced  surface  pres¬ 
sures  and  their  frequencies  will  be  derived.  Analytical  expressions  for  the  surface 
and  far-field  acoustic  pressure  will  be  derived  and  compared  with  measurements  of 
Brooks  and  Hodgeson.  In  Part  2  the  sequel  part,  the  disturbance  fields  of  the  near 
wakes  behind  other  trailing  edges  that  were  observed  to  generate  primarily 
continuous-spectrum  disturbances,  will  be  discussed  particularly  with  regard  to 
general  features  of  the  wake  field,  as  compared  to  the  case  of  tone  generation. 
Finally,  the  conditions  for  the  establishment  of  periodic  versus  random  near  wakes 
will  also  be  discussed  in  Part  2. 

2.  FACILITY  AND  INSTRUMENTATION  DESCRIPTIONS 

A  principle  objective  of  the  work  herein  was  the  simultaneous  measurement  of 
fluctuating  velocity  and  surface  pressure;  thus,  the  experimental  facility  for  this 
work  was  selected  for  its  low  acoustic  noise  background.  The  experimental  arrange¬ 
ment  made  it  impossible  to  use  the  more  modern  laser  velocimetry  techniques,  so  hot¬ 
wire  anemometry  was  used  for  wake  traverses.  The  high  speeds  and  high  Reynolds 
numbers  made  the  use  of  flow  visualization  methods  unacceptable  so  that  flow  struc¬ 
tures  had  to  be  deduced  from  correlation  measurements. 

All  measurements  were  performed  in  the  Anechoic  Flow  Facility  (AFF)  of  the 
David  W.  Taylor  Naval  Ship  R&D  Center.  This  facility  combines  a  low-turbulence  wind 
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in  Figure  1  were  found  to  be  least  likely  to  produce  tonal  excitations.  The 
mechanics  of  vortex  shedding  and  measurements  of  shed  vortex  strengths  and  frequen¬ 
cies  were  the  subject  of  later  studies  by  Greenway  and  Wood  (1973)  and  Bearman  (1965 
and  1967),  respectively. 

Disturbances  at  trailing  edges  become  continuous  spectrum  when  the  edge  is 
sliarpened  or  unsymmetrically  beveled  to  included  angles  of  30°  or  less.  In  such 
cases,  intense  tonal  vibrations  are  not  problematic,  but  continuous-spectrum  aero¬ 
dynamic  sound  often  is.  Analytical  work  by  Chase  (1975),  Chandiramani  (1974),  and 
Howe  (1978)  has  in  fact  identified  the  prominent  physical  variables  that  affect 
trailing  edge  noise  for  thin,  sharp,  rigid  edges.  Experiments  by  Brooks  and  Hodge- 
son  (1980)  have  generally  confirmed  the  theory.  The  problem  with  many  practical 
airfoils  is  that  they  are  not  necessarily  sharp,  and  it  remains  to  be  established 
what  flows  exist  on  edge  shapes  that  are  intermediate  between  blunt  and  sharp.  This 
report  examines  flows  on  the  trailing  edge  shapes  shown  in  Figure  1.  These  shapes 
were  selected  to  be  representative  of  geometries  examined  in  the  earlier  work  on 
vortex  shedding  cited  above. 
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Figure  1  -  A  View  of  the  Strut  Showing  the  Orientation  of  Trailing  Edges  and 
Schematic  Locations  of  Microphones 


4 


continues  to  form,  it  begins  to  move  downstream  from  the  edge  while  its  strength 
increases.  This  acceleration  continues  until  x  =  1.3  in.,  at  which  point  the  accel¬ 
eration  diminishes,  and  it  begins  to  move  with  a  slowly  varying  speed  of  convection. 
This  convection  behavior  is  indicated  by  either  pressure-velocity  or  velocity- 
velocity  correlations.  In  the  far  wake,  i.e.,  for  x  =  9  in.  or  x/h  =  4.5,  the 

velocity-velocity  correlations  give  U  =  0.81  U  .  According  to  Bearman's  (1965) 

co 

measurements  of  velocity  correlations,  the  convection  velocity  of  disturbances  in 
the  far  wake  became  constant  and  equal  to  0.88  U  for  x/h  >  4, 

3.3  THE  WAKE-PRESSURE  CONNECTION  FOR  THE  ROUNDED 

45°  BEVEL  TRAILING  EDGE 

When  the  trailing  edge  is  unsymraetr ically  rounded,  usir.g  the  45°  angle  and  a 
5-in.  fairing  radius  of  curvature  as  shown  in  Figure  1,  the  separation  point  for  the 
boundary  layer  on  the  curved  side  becomes  less  distinct.  This  degree  of  disorder, 
as  well  as  the  streamwise  displacement  of  the  free-shear  layer  formation  points, 
detunes  interaction  of  the  upper  and  lower  shear  layers.  Characteristics  of  the 
boundary  layer  and  near-wake  are  shown  in  Figure  8.  The  figure  shows  a  favorable 
pressure  gradient  upstream  from  Tap  11,  followed  by  an  adverse  gradient  downstream 
from  this  point  and  constant  pressure  downstream  from  Tap  13.  Observation  of  oil- 
streak  patterns  disclosed  concentrations  of  oil  along  spanwise-or iented  lines  at 
Taps  13  and  17.  The  former  is  interpreted  as  an  upper  separation  point,  the  latter, 
as  the  stagnation  point  for  the  trailing  edge.  The  constant  static  pressure  and  the 
oil-film  patterns  indicate  that  flow  is  separated  downstream  from  Tap  13. 

The  center  diagrams  of  Figure  8  show  both  the  mean  and  broadband  rms  velocity 
profiles  in  the  trailing-edge  region.  Speeds  measured  at  various  points  above  the 
surface  have  been  made  dimensionless  by  using  a  local  approximation  of  the  free¬ 
st  ream  speed,  U  ,  which  was  determined  at  each  measurement  station.  The  bulge  in 
the  profile  at  Tap  11,  showing  a  somewhat  higher  speed  near  the  wall  than  in  the 
outer  flow,  reflects  the  negative  pressure  coefficient  at  this  point.  The  dimen¬ 
sion  lea:.  mean  and  turbulent  velocity  proi iies  at  Position  G,  between  Taps  15  and  16, 
have  behavior  typical  of  separated  boundary  layers.  In  these  flows,  which  form  the 
near  wake,  the  velocity  profiles  show  the  flow  reversal  that  is  characteristic  of 
legions  of  separated  flow.  The  velocity  fluctuations  display  local  maxima  at  loca- 
t  ions  that  correspond  to  maxima  in  the  vertical  gradient  of  mean  velocity  d  IT/ d  y  . 

The  velocity  spectral  densities,  examples  of  which  are  shown  in  Figure  9,  and 
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Figure  9  -  Dimensionless  Longitudinal  Velocity  Spectral  Densities  Measured  in  the 
Formation  Region  of  the  Near-Wake  from  the  45°  Rounded  Bevel  Edge 

normalized  on  the  wake  variables  described  below,  disclosed  a  periodic  contribution 
m  -  which  is  interpreted  as  due  to  a  vortex  street.  Profiles  of  narrowband 
fluctuating  velocity,  filtered  in  1/10-octave  bands  at  the  shedding  frequency  w  = 

,  i.e.,  u2  s(f  )/U  ,  are  shown  at  the  bottom  of  Figure  8.  Above  the  surface  of  the 

s  s  o 

edge  and  in  the  wake  at  downstream  distances  x  >  1  in.,  there  are  secondary  maxima 
which  are  probably  associated  with  a  secondary  bound  vortex  system  similar  to  that 
already  proposed  behind  the  blunt  edge.  In  contrast  to  the  wake  of  the  blunt  edge, 
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however,  there  is  an  asymmetry  in  the  wake  which  persists  at  least  2.5  h  downstream 
frcm  the  trailing  edge.  In  this  case,  local  maxima  in  filtered  intensities  occur 
at  the  upper-  and  lower -cross  wake  positions  y  =  y^  and  y  =  y^  as  illustrated  in 
the  center  portion  of  Figure  8.  A  characteristic  shedding  velocity  is  again  de¬ 
fined  in  terms  of  the  pressure  coefficient  -Cpg  beneath  the  separated  boundary  layer 
downstream  from  Tap  13.  Following  the  Roshko  (1954)  definition  we  write 


U 

s 


=  U 

oo 


(7) 


which  is  the  same  as  the  separation  velocity  of  the  blunt  edge. 

At  a  distance  x  =  1.25  in.  downstream  from  the  edge,  and  2y/h  =  1.10  above  the 

tip,  the  dimensionless  frequency  spectrum  in  Figure  9  shows  the  periodic  contribution 

at  u!  y./U  =  1  for  U  =  100  and  50  ft/s.  The  intensity  of  the  contribution  is  sub¬ 
s'  f  s  00  7 

stantially  higher  at  100  than  at  50  ft/s.  Velocity  fluctuations  at  =  50  ft/s  and 
2y/h  =  0  are  entirely  broadband.  A  similar  nondimensionalization  of  fluctuating 
surface  pressures  on  the  edge  also  shows  a  periodic  contribution  at  Vf/Us  =  1- 
Figure  10  shows  the  dimensionless  spectral  densities  of  pressure  fluctuations  at 


Figure  10  -  Mean-Square  Pressures  Measured  on  the  45°  Round  Edge  in  12.5-Hz  Bands 

at  Position  G  and  at  Position  6  (Flagged  Points)  for  V x  =  50  ft/s 

(Open  Points,  Au>y  /U  =  0.09)  and  for  100  ft/s  (Closed  Points, 

Aaiy  /U  =  0.045)  0  S 
o  s 
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Positions  6  and  G.  For  =  100  ft/s,  the  periodic  contribution  is  greatest  at 
Position  G  and  substantially  diminishes  at  Position  6.  At  50  ft/s,  however,  the 
spectrum  at  Position  G  shows  a  broadly  peaked  contribution  that  contrasts  the  weak 
periodicitv  indicated  by  the  velocity  spectrum  of  Figure  9.  It  appears  that  the 
pressure  fluctuations  extant  on  the  edge  at  50  ft/s  are  determined  more  by  local 
separation  than  by  the  vorticity  in  the  wake  field.  At  100  ft/s,  the  pressures  are 
generated  by  the  system  of  vortices  in  the  wake;  these  pressures,  incidentally,  were 
not  affected  by  the  presence  of  the  anomometer  probe  used  in  the  correlation  measure¬ 
ments  described  below.  Tonal  root-mean-square  filtered  pressures  p2'5(f^)/q^  on  the 
45°  rounded  edge  are  shown  to  have  maximum  at  Position  G(x  =  -1.1  in.)  as  shown  by 
the  profile  in  Figure  11.  At  the  downstream  Position  H(x  =  -0.4  in.)  the  periodic 
contributions  at  f  =  fg  are  missing;  this  position  is  nearly  coincident  with  the 
stagnation  point  x  =  -0.6  in.  Further  upstream,  the  pressures  diminish  monotonically 
just  as  observed,  that  the  periodic  pressures  on  the  blunt  edge  and  the  tonal  pres¬ 
sures  at  !xiy^/Ug  1  remain  in  phase. 

Space-time  cross-correlation  between  the  unfiltered  tra il ing-edge  pressure  at 
Position  G  and  the  wake-velocity  fluctuations  filtered  in  1/10-octave  bands  at  f  * 
f  ,  shown  in  Figures  12  and  13  disclose  a  connection  between  the  vortex  structure 
and  surface  pressure  similar  to  that  of  the  blunt  edge.  For  U  =  50  ft/s,  correla¬ 
tions  between  the  pressure  fluctuations  at  Position  G  and  the  wake  velocities  along 


Figure  11  -  Chordwise  Profiles  of  Fluctuating  Pressure  at  f  =  f  with 
45°  Rounded  Trailing  Edge  at  U_  =  100  ft/s 
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Figure  12  -  Pressure-Velocity  Correlations  in  the  Wake  Behind  the  45°  Rounded 

Beveled  Edge  at  U„  =  50  ft/s;  x  Measured  from  the  ) ip.  Points  Marked 
0  along  y  =  yu,  A  along  y  =  y;.  Velocity  filtered  in  y  -octave  band 
at  frequency  fg 
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DISTANCE  FROM  TRAILING  EDGE  TIP,  x/in. 

Figure  IS  -  Pressure-Velocity  Correlations  Behind  the  45°  Rounded  Beveled  Edge  at 
V,  =  100  ft/s;  Distances  rx  are  Measured  from  the  Tip  of  the  Edge. 
Points  Marked  0  Along  y  =  yu,  A  Along  y  =  yv.  Velocity  Filtered  in 
1/ 100-0ctave  Band  at  Frequency 


both  y  -  y  and  y  -  y p  are  shown  in  Figure  12.  Normalized  as  before  (Equation  (6)), 

the  spatial  correlation  along  the  locus  (x,y  )  shows  a  minimum  of  R  (0.x. y  )  = 

u  pu  u 

-0.04  over  the  edge,  and  this  value  is  never  exceeded  in  the  wake  for  x  ■  0,  showing 
that  the  pressure  at  Position  G  is  dominated  by  local  separation.  The  correlations 
also  indicate  that  the  shear  layers  along  y  and  y  interact  to  form  a  coherent  wake 

U  x 

of  paired  vorticity  concentrations;  however,  the  level  of  coherence  with  the.  pres¬ 
sure  at  Position  G  decreases  as  x  increases.  The  spatial  correlation  indicates  that 
the  formation  of  vortices  from  the  upper  and  lower  shear  layer,  although  facilitated 
by  mutual  interaction  of  the  layers,  does  not  involve  a  growing  entrainment  of  one 
layer  bv  t  lie  other.  The  maxima  in  velocity  fluctuations  shown  in  the  figure  suggest 
that  the  upper  layer  forms  a  vortex  first  near  x  =  1,  while  the  lower  layer  forms  a 
vortex  near  x  =  1.5  in.  which  is  approximately  one-eighth  wavelength  further  down¬ 
stream.  Continuing  downstream,  the  mutual  interaction  brings  the  vortices  into  a 
more  coherent  alignment,  but  the  intensity  of  the  vortex  street  decays.  These  local 
maxima  are  similar  for  both  low  and  high  speeds,  as  seen  by  comparing  Figures  12  and 
13,  but  the  growth,  streamwise  coherence  and  tonal  quality  of  t he  disturbances  at 
=  100  ft/s,  shown  in  Figures  13a  and  13b,  compared  to  that  at  50  ft/s,  show  how 
dependent  the  development  of  the  regular  vortex  structure  is  for  edges  such  as  this. 
Of  course,  tonal  pressures  are  not  generated  unless  a  periodic  disturbance  is 
developed  downstream  of  the  edge. 

The  convection  velocities  determined  with  t  ,  as  above,  show  similar  behavior 

m 

to  those  in  the  wake  of  the  blunt  edge.  Here,  the  streamwise  velocity  disturbance 
is  approximately  180°  out  of  phase  with  the  fluctuating  pressure  at  Position  G,  and 
its  phase  slowly  varies  as  the  eddy  moves  downstream.  Along  the  lower  layer  v  =  y,, 
an  opposite  behavior  appears;  the  disturbance  convection  velocity  decreases  slightly, 
i.e.,  AX/ At  decreases.  This  contrasting  behavior  could  be  caused  bv  an  uncertaintv 
in  determining  the  peak  in  the  space-time  correlation  and  would  be  discounted  alto¬ 
gether,  except  tliat  Hanson  (1970)  noted  a  similar  observation  in  the  wake  behind  a 
notched,  lifting  airfoil  in  observing  "convection  velocities"  oil  the  order  of  1.7  U  . 
The  current  measurement  indicates  that  the  upper  disturbance  speeds  up  briefly, 
while  the  lower  disturbance  Is  convected  at  a  lower  speed.  As  an  extension  of  our 
modeling  of  blunt-edged  vortex  streets,  the  formation  length  will  be  defined  as  the 
distance  from  the  trailing-edge  stagnation  point  on  the  foil  to  the  value  of  x  cor¬ 
responding  to  the  maximum  in  the  filtered  velocity  fluctuation  in  the  wake.  This 
distance  is  approximately  =  2.3  in.  and  it  nearly  corresponds  to  the  location  of 
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the  minimum  shear  layer  spacing  =  y^  (see  Figure  8).  In  the  more  distant  wake, 
x  -  2  in.,  the  two  convection  velocities  become  equal  and  approach  0.8  to  0.9  of  the 
free-stream  velocity. 

3.4  SPANWISE  STATISTICS  OF  THE  TONAL  SURFACE  PRESSURES 

The  preceding  discussion  has  shown  that  the  wake  generates  a  pressure  field 
with  deterministic  behavior  along  the  chord.  Along  the  span,  these  pressures  are 
stochastic,  a  behavior  which  is  quite  analogous  to  the  unsteady  lift  fluctuations 
induced  on  circular  cylinders  by  vortex  street  wakes.  Span-wise  correlations  for 
the  blunt  and  the  45°  rounded  edges  were  determined  at  chord  points  for  which  the 
fluctuations  were  maximum;  i.e.,  x  =  -0.3  in.  on  the  blunt  edge,  Position  G  on  the 
45°  rounded  edge.  These  correlations,  defined  as 


[ P ( z , t )  p(z+rz,t+t>] 
[p2(z,t)  p2(t,z+rz) p 


(8) 


where  rz  is  spanwise  separation,  are  shown  in  Figure  14  as  a  function  of  rjy^.  As 

is  often  typical  in  such  measurements,  the  time  delay  for  maximum  correlation,  r  , 

is  not  always  zero  but  slowly  increases  with  r  ,  This  is  because  the  vortices  shed 

behind  rigid  bodies  may  take  a  preferred,  yet  small,  yaw  angle  to  the  edge.  In  the 

case  of  the  blunt  trailing  edge  (this  angle  was  approximately  17°)  it  is  probably 

not  natural  to  the  edge  flow,  but  rather  an  artifact  of  some  asymmetry  in  the  strut 

fixture.  Therefore  since  the  correlation  values  at  :  =  x  represent  the  maximum 

m  v 

spanwise  correlation,  only  those  values  are  shown. 

In  the  case  of  the  45°  rounded  edge,  correlation  functions  obtained  at  a  velo¬ 
city  of  Ur)  -  200  ft/s  anomolously  approached  unity  through  the  entire  range  of  r?. 
This  behavior  has  now  been  regarded  as  due  largely  to  flow  induced  vibration.  As 
shown  in  work  subsequent  to  Blake  (1975a),  see  Blake  et  al.  (1977),  displacements  of 
only  0.005  y  are  necessary  to  increase  the  spanwise  correlation  of  the  vortex  street 
wakes  of  airfoils. 

Aside  from  the  question  of  the  effects  of  vibration.  Figure  15  shows  that  the 
length  scale  of  the  spanwise  correlation  of  natural  vortex  shedding  is  apparently 
set  by  y j .  In  fact,  for  both  trailing  edges  a  correlation  length  defined  as 
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Figure  15  -  Bearman's  (1967)  Universal  Strouhal  Number  Versus  U  /U  for  the  Blunt 
and  45°  Round  Trailing  Edges.  &  45°  Round,  100  ft/I,  0  Blunt,  100 

ft/s;  -  Representative  of  Data  for  a  Wide  Range  of  Bluff  Body 

Shapes 
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can  he  easily  deduced  from  the  figure  by  fitting  a  correlation  function  of  the  form 

R  (r  ,0)  =  expl-jr  I /A  )  (10) 

pp  z  z  3 

to  the  measurements  as  shown.  It  appears  that  A  3.5  v  .  is  a  representative  value 
for  both  trailing  edges;  similarly  defined  correlation  lengths  have  been  found  i or 
vortex  streets  behind  rigid  cylinders  to  be  as  low  as  1.5  and  as  large  as  5  cylinder 
diameters.  This  value  gusted  above  holds  over  a  considerable  range  of  velocities 
for  the  blunt  trailing  edge;  it  is  unknown  how  it  behaves  on  the  45°  rounded  edge. 
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4.  GENERALITIES  REGARDING  THE  FREQUENCIES  AND 
AMPLITUDES  OF  TONAL  TRAILING-EDGE  PRESSURES 

4.1  VORTEX- SHED DING  FREQUENCY 

Treatment  of  the  frequency  spectral  qualities  of  the  surface  pressures  in  this 
paper  has  adopted  the  wake  thickness  dimension  y^  on  which  to  base  the  nondimension- 
alized  frequency  ojy^/Us>  Tones,  or  near-tones  have  been  observed  at  Luy^/U^  ~  1  on 
the  two  edges  discussed.  Before  proceeding  with  this  point  we  wish  to  review  brief¬ 
ly  some  alternative  methods  of  definition. 

The  previously-used  definition  of  Strouhal  number  based  on  the  base  thickness. 
Equation  (4),  does  not  yield  a  suitable  comparison  of  frequencies  for  the  two  dis¬ 
similar  trailing  edges  discussed  so  far  in  this  report.  For  the  rounded  trailing 
edge,  N  is  of  the  order  0.45  to  0.5  compared  to  the  more  generally  accepted  values 
of  0.23  to  0.29  and  observed  for  the  blunt  edge.  Therefore,  the  use  of  the  base 
thickness  is  only  appropriate  when  the  surface  is  blunted  symmetrically  with  distinct 
corners.  Gongwer  (1952)  has  previously  shown  that  some  adjustment  to  the  formula 
for  blunt  edges  to  the  use  of  h  is  necessary  when  the  boundary  layers  at  the  edge 
are  thick.  Aerodynamic  fairing  of  the  edges  produces  a  thinner  wake  with  higher 
predominant  frequencies.  A  nondimensionalization  based  on  the  momentum  thickness  in 
the  near  wake  was  also  found  (Blake  1975)  not  to  agree  with  the  behavior  shown  by 
Hanson  (1970) .  According  to  Hanson,  a  definition  based  on  the  momentum  thickness 
seemed  to  account  for  the  frequencies  generated  by  trailing  edges  with  aerodynamic 
shaping,  notching,  and  splitter  plates.  The  applicable  functional  form  is  (also  see 
Roshko  1954,  for  application  to  circular  cylinders) 


S.N_  =  0.0725 
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and  '■  is  the  momentum  thickness  of  the  wake  at  the  end  of  the  formation  zone  (X  = 

'.)  and  U  is  given  by  Equation  (7).  While  it  satisfactorily  predicts  f  for  the 
t  s  s 

45°  rounded  edge.  Equation  (11)  over  predicts  the  vortex  shedding  frequency  for  the 
blunt  trailing  edge,  by  nearly  a  factor  of  2. 
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Aii  alternative  del  ini t ion  ot  Strouhal  number  that  does  seem  to  agree  with  the 

presently  measured  tone  frequencies  for  botli  edge  geometries  is  Beartnan '  s  (1967), 

Beannan  has  suggested  an  alternative  scaling  using  f ar-wake  variables.  liiir  .ruling 

is  based  on  the  Kronauer  (1967)  stability  criterion  which  states  (liar  (he  stable 

:  s-waki  spao  ing  b  ,>i  tile  vort  ices  in  a  wake  wit!  a  periodic  vort  <  x  ,t  i  e<  t  i  •,  i 

si  ten  a  nature  that  a  minimum  drag  is  exerted  on  the  body.  Bear  man '  t,  univt>r.sal 

Strouhal  number,  S„  =  f  b./U  ,  was  determined  from  the  f ar-wake  data  of  both  the 
B  sis 

Plant  and  4b°  rounded  edges  using  his  calculation  procedure.  Ihe.  values  are  shown 
in  Figure  L5  as  a  function  of  shedding  velocity  U  /U  o;  agreement  with  the  trend  of 
earlier  data  continues  to  support  the  applicability  of  the  Bearman  del  in  it  ion. 

ihe  nondimensionali zation  of  used  in  Figures  6,  9,  and  10  is  based  on  the 
hypothesis  that  the  frequency  of  disturbances  in  the  near  wake  passing  a  fixed  point 
relative  to  the  trailing  edge  will  be  determined  by  the  local  veloi  i;  .  < !  i  ■.  r .  ■  t  il  >  a 
as  i:  )  and  the  cross-wake  separation  of  the  shear  layers  which  const  ;  t  at .  tic  n. -ar- 
wake.  Ln  the  case  of  shear  layers  analytically  modeled  as  a  pair  of  put  .In-:  vortex 
sheets,  Abernathy  and  Kronauer  (1962)  computed  vorticitv  com ent rat  i.;  .  •  ,r  : .  -si¬ 
ted  from  instabilities  of  the  layers.  flu*  st  Teamwise  spa.  i:ip  :  ,  ■  <•  i  ■ 

was  suggestive  nearly  proportional  to  the  separ.it  ion  of  the  -  .  w  , 

seems  that  for  the  blunt  edge,  which  sheds  a  pa  i  r  .a  tea  e 
shear  layers,  the  use  of  in  this  context  i appr  ;  i  .  • 

In  the  case  of  the  rounded  trailing  ed/>  ,  :  ,•  r  .  • 

in  the  wake  are  not  nearly  as  large  as  in  t  he  •  c  • 

•lability  analysis  of  the  preferred  iivdrodvn.rn. 
profiles  of  the  type  siiown  in  Figure  8  woiil  : 

rounded  trailing  edge  than  the  type  ot  ana  1  yt  it.,;  . 

nailer  .  Since  we  are  interested  in  on  1  y  pieU  i  lid  »•>  •  • 
i 'tin  a  detailed  description  of  growt'n  rates  and  ii  ,t  ■  . 

.tahiiity  analyses  can  he  useful.  (faster  ( 1 96  \  ;  an 
•  ’inpor  1 1  -tubllitv  analyses  are  not  generally  equiv.ilent,  :  • 

ia  r  he  growth  rates  of  disturbances  diminish.  Spe*  i  f  i  <  a  I  I  '•  ,  )  *  ■'  ' 
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Figure  8  for  the  near  wake  of  the  trailing  edge  were  all  unstable.  Furthermore, 
iot  tin*  y  be  the  cross-wake  spacing  between  the  inflection  points  of  the  prof  lies 
it  was  then  found  that  the  preferred  frequencies  were  bounded  by  0.85  '  .v./U  1 

Note  that  a  precise  computation  of  wake  dynamics  must  account  for  change  in  the 
loan  velocity  profile  over  downstream  distances  which  are  small  compared  with  a 
listurbance  wavelength  (see  Crlghton  and  Caster,  1976). 

The  approximate  generality  of  this  definition  of  Strouhal  number  is  also  sup¬ 
ported  by  Table  1  which  draws  on  additional  measurements  of  vortex  shedding  fre- 
fuencv  from  two  other  sources.  Here,  v,  and  the  characteristic  velocity  U  as 

TABLE  1  -  STROUHAL  NUMBERS  BASED  ON  CROSS-WAKE  LENGTH  SCALE 


Edge  Shape 

'Vf/l,s 

Position  of  yf- 

Blunt 1 

0.97 

1.0  :f 

Blunt  with  splitter  plate*,  ?,/h=l 

0.92 

L.O  .f 

Notched  lifting**  (NRr  =  6900) 

0.78 

0.)  f 

Net  died  lifting**  (NR^  =  4800) 

0.8 

0.5  .. 

:  i 1 1  liter**,  7/h=l  (NRp  =  5930) 

0.91 

0.4  ■ 

I 

lifter**,  ./h=t  (\R  =  9800) 

0.94 

'I 

'dun'  V)  round  blunted,  tapered 

0.8  5-1 .0 

ecges  with  blunt  base 

0.8  ■  ,  -  1  .0  .  ,et  in  i  • 

*Ftum  Searnan  (1965) 
♦From  Hinson  (1970) 


l'.lake,  et  al.  (  1977) 
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-1'  -  K.ul  iatcd  Sound  and  Surtaeo  Pressure  for  Sharp  and  HI  unt  Kdia 
N'ACA  001 2  Airfoil  with  Lead  *n>:  Kdpe  Tr  ippinp ,  V  -  h.’  m/s  (< 
T.  Brooks) 


Thus  the  appropriate  ratio  of  spectra  is 


,  1  »j_  _«c 

ip  (x ,  .0)  2tt^  C  y 

s  o  f 


T 

r 


sin  p  j 


o 

sin"  ■■/2 


(2  6) 


where-  is  the  speed  of  sound,  and  where  (x  -  xg)  must  be  selected  close  enough  to 
the  edge  so  that  either  Equation  (20a)  or  Equation  (20d)  holds. 

Experimental  verification  of  Equation  (26)  can  be  determined  from  the  results  of 

Brooks  and  Hodgeson  (1981).  In  their  measurement  program,  far-field  sound  and 

trail,  ing-edge  surface  pressures  were  measured  for  a  NACA  0012  airfoil  with  a  blunt 

trailing  edge  at  0°  angle  of  attack.  The  Reynolds  number  based  on  edge  thickness 

4 

was  quite  low  (hi)  /v  =  1.1  *  10  )  and  the  ratio  of  twice  the  boundarv-1 aver  moment um- 
th i ekness-to-base-thickness  was  nearly  2.  A  tone  was  not  generated,  rather  the 
pressure  spectrum  at  the  trailing  edge  was  a  broad  bump,  much  like  that  shown  in  Fig¬ 
ure  10  for  U  _  =  50f t/s.  The  surface  pressure  was  measured  at  x  / T  x  /y  0.69 
Figure  20  shows  a  comparison  between  the  measured  sound  spectrum  and  the  theoretical 
estimate  using  Equation  (26),  with  the  surface  pressure  measured  near  the  trailing 
edge .  The  surface  pressures  on  the  edge  are  also  given.  The  spanwise  correlation 
lengths  for  various  frequencies  were  deduced  from  data  supplied  by  Brooks  (private 
. -,p.mun  icat  ion)  and  evaluated  by  using  a  best  fit  of  Equation  {12).  These  are  shown  i 
Figure  21.  A  value  of  /y  =  1.5  Is  indicated  at  the  vortex  shedding  frequency,  whi 
,  a  i  ue  is  more  in  line  with  measurements  to  be  discussed  in  Part  2  of  this  report ,  a;:-: 
this  is  considerably  less  than  =  3, 5y^  discussed  in  Section  J.  1  he  reduced  spaiiw  i 
correlation  length  is  undoubtedly  the  result  of  both  lower  Reynolds  number  and  gie.il- 
or  local  turbulence  since  2  /h  2. 


4.  A  APPARENT  DEPENDENCE  ON  REYNOLDS  NUMBER 

The  preceding  sections  have  shown  the  relationship  between  wake  vorticitv  ami 
surface  pressure,  and  between  surface  and  radiated  sound  pressures  for  speciiied 
operating  conditions.  It  remains  to  offer  some  indications  of  the  dependence  of 
vortex  strength  on  Reynolds  number.  To  do  tiiis,  we  note  that  Equations  (20a >  and 
(20d)  present  unique  relationships  between  mean-square  sun. me  pressure  at  a  Im-at  icr. 
x  and  the  mean-square  vortex  strength  at  a  point  near  the  trailing  edge.  One  can  us. 
this  interchnngability  between  p^(x)  and  F‘  to  deduce  the  behaviors  ot  wake  strengths 
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where  £  =  2A ^  is  the  spanwise  correlation  length  of  the  vorticity  (Equation  (9)) 

and  by  Equation  (14) 


is  the  mean-square  vorticity  at  a  point  in  the  near-wake. 

Now,  Equations  (20a)  and  (25)  are  fully  consistent,  the  former  giving  the  sur¬ 
face  pressure  in  the  immediate  vicinity  of  the  trailing  edge,  the  latter  giving  the 
far  field  radiated  sound  pressure.  Although  the  analysis  of  the  radiated  sound  has 
assumed  a  negligible  formation  length,  the  ratio  of  Equations  (25)  to  (20a)  will 
give  a  relationship  between  the  radiated  sound  and  surface  pressures  near  the  edge 
that  is  applicable,  even  if  k^f  is  not  negligible.  This  is  because  Equation  (20d) , 

which  applies  to  the  case  of  k  i  >  1 ,  gives  a  pressure  amplitude  in  the  near  field 

w  f 

ot  the  edge  tliat  is  less  ttian  that  of  Equation  (20a),  but  it  has  the  identical 
dependence  on  x.  Accordingly,  the  acoustic  dipole  strength  of  the  trailing  edge  is 
simply  reduced  by  tt  y  ^-  /  2 1.  j-  when  the  formation  zone  is  extended  sufficiently  far 
downstream,  while  its  spatial  character  remains  fundamentally  unchanged. 
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A. 3  RADIATED  SOUND  FROM  VORTEX  SHEDDING 

The  sound  pressure  radiated  to  the  farfield  of  a  thin  rigid  edge  that  generates 
a  vortex  street  wake,  as  described  in  the  previous  section,  can  now  be  determined. 

At  low  Mach  number,  the  reduced  wave  equation  in  the  Powell  (1959)  and  Howe  (1978) 
form  for  the  edge-vortex  geometry  considered  above  is 


V2  Pa  (y,u>)  +  k2  Pa  (y,-j) 


(0  ..,u  ) 

o  J  c 


where  P  (v,  ■)  is  a  Fourier  coefficient  of  the  acoustic  pressure  and  k  is  the 
a  o 

acoustic  wave  number.  Since  the  surface  pressure  is  maximum  at  the  trailing  edge, 
we  must  use  a  theory  which  admits  this  maximum.  Accordingly,  the  theory  of  Ffowce 
Williams  and  Hall  (1970)  will  be  used.  Thus,  the  reduced  sound  pressure  at  X  is 


P  (X,w) 

a 


///  ■ 


<‘k;  (X,^,aj) 


dV(F,) 


where  the  integral  extends  over  the  entire  fluid  region  and  G ( X , y  oj)  is  the  half¬ 
plane  Green  function.  When  the  region  of  vorticity  is  concentrated  within  an 
acoustic  wavelength  close  to  the  edge  and  | X I  is  much  greater  than  unity,  then  the 
acoustic  part  of  the  Creen  function  takes  a  particularly  simple  form.  Then  Equation 
(22)  becomes 


Ik  r 
e  o 


P  (X,  ..)  = 
a 


(2k  )  2  s  in 2  :  sin  72  ,  .  (k  U  • 

o  \  o  o  w  3  cl 

\  J 


a  f 

- e  w  1  dF 


(23) 


where  the  acoustic  field  coordinates  are  X^  =  r  sin  :  cos  X.,  =  r  sin  :  sin 
X  =  r  cos  ; ;  ■■  is  measured  from  the  wake  in  the  1,2  plane  and  the  edge  coincides 
with  the  X  =  (0,0, X^)  coordinate  axis  (see  Figure  16).  In  deriving  Equation  (23)  it 
has  been  assumed  that  k  ?  -  0,  and  that,  even  though  the  plane  of  vorticity  is 

W  I 

parallel  to  the  edge,  it  has  a  span wise  dependence  that  is  weak  enough  to  consider 
it  constant  over  distances  A£,  -  2ir/k  ,  but  possibly  variable  over  d  i  stances  .  •'  .. 
where  1.  is  the  total  length  of  the  span.  Therefore,  (kw>  ^  1  is  regarded  as 
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Figure  19  -  Profiles  of  Surface  Pressure  and  Velocity  Fluctuations  at  the  Blunt 
Trailing  Edge  of  a  Tapered  Airfoil.  Measurements  Were  Made  at  Uv  = 
100  ft/s 


may  he  of  order  (  :t'J)  2  and  a  conservative  limiting  condition  could  be 


>  0  (R/yf  S 


If  an  unsteady  Kutta  condition  had  been  applied,  then  the  measured  pressures  would 
not  have  been  predicted.  Instead,  in  the  limit  of  jxj  >  0  the  pressure  would  de¬ 
crease  to  zero  and  the  prediction  of  peak  pressures  at  the  edge  would  not  have  been 
possible . 
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for  k^*:  >>  1,  a  smooth  transition  occurs  for  the  asymptotic  forms,  Expressions 

(20b)  and  (20d) .  In  all  the  expressions  for  the  pressure,  it  can  be  seen  that  both 
the  formation  length  and  the  wake  thickness  enter  as  pertinent  length  scales,  depend 
ing  on  the  domain  of  dependence.  When  k^H^.  is  much  less  than  unity,  Expressions 
(20a)  and  (20c)  show  that  when  k  tr  decreases  toward  zero,  the  pressure  increases 
all  values  of  k  |x|.  To  compare  the  measured  pressures  with  Expression  (20),  the 
vorticity  amplitude  Yq  was  related  to  the  measured  velocity  maxima  in  the  wake,  u?, 
and  y  using  Equations  (14)  and  (15).  Figure  17  gives  the  surface  pressures  of  all 
the  trailing  edges  under  consideration,  and  it  shows  the  general  significance  of 
Expression  (20).  Very  close  to  the  edge,  it  is  seen  that  the  appropriate  length 
parameter  is  |x  -  x^l/y^  and  the  pressure  depends  also  on  the  relative  values  of  5,^ 
and  y^  as  seen  in  Expressions  (20a)  and  (20d) . 

The  quantity  x^  represents  the  approximate  distance  from  the  stagnation  point 
on  the  trailing  edge.  This  distance  is  illustrated  in  Figure  11  for  a  rounded  edge 
together  with  the  associated  variation  of  the  surface  pressure  tone.  For  the  blunt, 
squared-off  edges,  Xg  =  0. 

Figure  19  illustrates  the  rise  of  the  vortex-induced  pressure  measured  on  a 
tapered  airfoil  with  a  blunt  trailing  edge,  together  with  the  behavior  p  'v  1/ /|x | . 
The  data  shown  in  this  figure  have  been  included  in  Figure  18  and  are  denoted  as 
Edge  TT.  Also  included  is  a  profile  of  the  unsteady  fluctuations  generated  in  the 
wake  by  the  shed  vorticity.  The  velocity  profile  allows  a  clear  definition  of  both 
Vj.  and  TT?  for  use  in  Equation  (15a)  in  determining  the  circulation  factor 

In  a  restricted  parameter  range,  i.e.,  very  near  the  edge  and  for  k^i  >  1, 

Equation  (20d)  shows  that  i.  rather  than  y^.  is  the  only  dominant  length  scale,  as 

held  in  a  previous  discussion  by  Blake  (1976).  It  is  seen  that  the  available  experi 

mintal  data  applies  to  k  9.  >  1;  accordingly.  Equations  (20b)  and  (20d)  are  expected 

w  t: 

in  agree  with  measurements  best.  For  parameters  of  the  available  measurements,  it 
i s  not  possible  to  apply  Equation  (20b)  because  when  the  conditions  of  validity  for 
x  arc-  reached,  x  also  becomes  comparable  to  the  transverse  correlation  length  2A^, 
so  that  the  analysis  in  two  dimensions  no  longer  applies.  At  greater  distances  than 
2".  ,  the  surface  pressure  will  fall  off  more  sharply  than  1 / /|x [ . 

Very  close  to  the  edges,  or  to  the  rear  stagnation  point,  i.e.,  as  jx  -  x  |  N  0 
the  l//fxT  behavior  is  expected  at  least  until  x  is  on  the  order  of  an  approximately 
defined  viscous  length.  In  the  case  of  a  blunt  edge  wltb  sharp  corners,  this  length 
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in  which  the  only  important  length  scales  are  x  and  y^; 


p"  (x) 


pV  cr0/2rryf)2 


4  \  U 


yf  yf 


|x|  lf 


for  k  x  >>  k  >  1 
w 1  1  w  f 


and  finally 


?  ?  ? 
p  IT(F  /2TTy  )z 
OS  O  J  f 


for  k  x  >>  1  >>  k  ?. 
w1  1  w  f 


(20b) 


(20c) 


to  complete  the  set  of  limits  that  apply  whenever  |x|  >>  5.^. .  Expression  20a  applies 

closer  to  the  edge  than  a  wake  wavelength  and  it  requires  a  very  short  formation 

zone.  Expression  (20c)  applies  at  distances  which  are  far  from  the  edge,  but  still 

require  a  short  formation  zone.  Expression  (20b),  on  the  other  hand,  applies  at 

distances  far  from  the  edge  when  the  formation  zone  is  large. 

In  the  alternative  limit  of  >>  jx|  the  Hn  term  in  Equation  (17)  reduces  to 

2j  t''\ x  |  for  the  entire  region  of  integration.  The  resulting  integral  is  (1  - 

Erf  (/-ik  ?,))  .  Accordingly,  when  k  l  >>  1,  the  expression  for  the  pressure  be- 
w  r  w  i 

comes 


p‘  (x) 


?  9  9 

>’  ire  / 2 rry  ) 1 
os  o  f 


(20d) 


However,  when  k  ?  •'<  1,  the  alternate  limit  for  the  error  function  leads  to 

w  f 


2 
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>  2  2 
,  V  (!'  H^y,) 
os  o  f 


>>  k  £  >>  k  x 

w  f  w 


(20e) 


In  all  the  above  expressions,  the  k  has  been  rewritten  as  (U  /U  )  (f./y_).  Both 

w  f  sett 

Expressions  (20a)  and  (20c)  give  similar  values  of  p?,  and,  therefore,  a  smooth 
transition  of  parametric  behavior  in  the  overlap  region  of  k^V.j.  =  kwlx|-  Similarly, 
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in  which  k  regarded  as  having  a  small  positive  imaginary  component  in  the  limit 
w 

-  ►  ou 

"1 

The  integral  simplifies  into  alternate  forms  depending  on  the  relative  magni¬ 
tudes  of  x  and  In  the  case  of  |x|  >>  the  approximation 


-  j/n 

in  - -  -  -2j 

vT^T  +  3^ 

holds  where  x  =  —  j  x (  on  the  surface.  The  integrals  reduce  to  a  pair  (Gradshteyn  and 
Kvzhik  (1965))  (for  |x|  >  S.^) 


/!  x  |  z-"1  e^^w  1  d£^  r/\ x  | 

-ik  ^  ic  /C  1  x  1  +  £,  -ik 
w  f  1  1  1  1  w 


+ik  C 
e  w 


1 


+  |x|) 


I  he  limiting  expressions  for  the  error  functions  are  given  by  Abramowitz  and  Stegun 
( 1965)  as 


Erf  (^IkTTIT  -  1  -  <7Tk  |  x  |  >  ^  exp^-i(k|x)  +  n/U)j  k)x|  >  1 


-  /k | x ]  exp(+i(k|x|  -  n/4) 


k  x  <  1 


A  set  oi  alternate  first-order  closed-form  expressions  for  the  mean-square 

amplitude  of  the  surface  pressure  may  now  be  given  for  various  cases  which  depend 

or.  where  k  lx  I  and  k  i,  stand  with  respect  to  unity: 
w'  1  w  f 


for  1  >  k  |  x  |  »  k 

w  w  f 


(20a) 


38 


I 


pressure.  The  vortex  street  generates  a  potential  field  f  ( x ,  y ,  t , )  which  causes  a 
pressure  that  is  given  by  the  unsteady  Bernoulli  equation, 

-p(x,  0+,  t)  dT  (x,  0+,  t)  -VI  (x,  0+,  t) 

-  =  _ _ _ +  U  _ _ _  (1€ 

c 

.  *t 

O  X 


where  '!■  (x,  0  ,  t)  is  evaluated  on  the  upper  surface  of  the  half  plane,  x  ■'  0 ,  y  = 

0  .  Pressures  on  the  opposite  sides  are  out  of  phase,  i.e.,  p(x,  0+,  t)  =  -p(x,  0  , 
t  >.  the  potential  needed  is  a  real  part  of  the  complex  value.  The  vortex-induced 

i ressure  magnitudes  on  all  edges  diminish  approximately  as  / (x-xg) Thus 

V-V  -  z„)l 

where  Z,  =  x  +  jy  z  =  and  where  R  .  is  the  real  part  of  Z  )  with 

L  o  o  1  2  ej  r  h  l  o 

respect  to  the  complex  notation  j.  This  potential  at  x,  y due  to  localized  vorti- 
Litv  at  xq,  near  a  plane  surface  is  given  by  Milne-Thompson  (1960),  mapped  into 
the  half-plane  of  this  problem  (see  Blake  (1976))  and  integrated  using  Equation  (13), 
Vue  potential  on  the  upper  surface  given  by  this  process  is 


(x,  0  ,  t)  =. 


f  ( /RT~  e|i,,vv|  o-'i 

2r  J  9  f  1  /[7[  +  j  I 


where  Equation  (13)  hat  been  used  to  model  the  continuous  wavelike  distribution  of 
vert i city  which  begins  at  f ^  =  7  ^  and  continues  downstream. 

By  integrating  by  parts  we  find  the  potential  induced  by  the  entire  periodic 
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*This  analysis  supersedes  that  in  Blake  (1976). 
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(a)  Wavelike  Vortex  Sheet  Model 
of  the  Wake 


V 


(b)  Discrete  Vortex  Wake 

figure  16  -  Idealizations  of  Vortex  Wake  Structures  for  Modeling  of  Surface 
Pressures  and  Radiated  Sound 
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defined  by  either  of  Equations  (5)  or  (7),  yield  dimensionless  frequencies  between 
0.78  and  0.97.  Thus,  it  appears  that  either  a  cross-wake  dimension,  y,  in  the  near 
wake  or  a  dimension  b  in  the  far- wake,  may  both  be  used  to  define  similar  .'•trouhal 
number  lor  vortex  shedding  for  any  shape  trailing  edge. 

MAO:;  I 'HIDES  OF  THE  SURFACE  PRESSURE;  ANALYTICAL  MODEL 

The  measured  correlation  functions  between  the  surface  pressure  and  the  wake 
velocities  that  are  shown  in  Figures  7,  12,  and  13  suggest  the  appropriateness  of 
analytical  modeling  as  a  wavelike  vorticity  distribution  in  the  wake.  The  surface 
pressure  generated  on  a  rigid  half-plane  by  a  two-dimensional  wave like  vorticity 
distribution,  downstream  of  and  in  the  same  plane  as  the  surface,  has  been  modeled 
by  Blake  (1.976).  The  surface  lies  on  the  x  <  0  and  y  =  0  plane,  as  shown  in  Figure 
16,  while  the  wake,  which  extends  to  x  >  0,  has  a  vorticity  distribution  approxi¬ 
mated  as 

...  _ 

(O3  (vP , ^2  >  t )  ^  9  2  v  —  0  (13) 

where  '  is  a  dummy  variable  to  express  the  wake  coordinates  separately  from  coordi¬ 
nates  on  the  surface.  The  region  0  7  •  9.^  is  the  vortex  formation  zone.  The 

r  Lrcu.1  at  ion  in  one-half  of  a  wavelength  is 
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t  a  vortex  <>1  core  radius  r  and  tangential  velocity  u  at  the  edge  ol  the  core 

t  1 1,.  discussion  in  Section  i.2)  another  measure,  ol  the  circulation  ol  tint  vortex 
tii  11  ••.limes  the  half  wave  is 


related 


the  wake  thickness  and  mean  square  intensity 


f  1 


tor  various  trailing  edge  shapes  as  a  function  of  Reynolds  number.  It  is  :ie<  esx.irv 

onlv  to  note  the  behavior  of  p- ( x  )  at  a  specific:  value  of  x/v  ,  and  convert  it  to 

2  °  I 

the  equivalent  value  of  using  either  liquation  (dOa)  and  M’Mji. 

°  2 

Figure  22  shows  values  of  over  a  range  of  0.2b  Reynolds  number  for  the  two 
principal  trailing,  edges  of  this  study.  Edges  I  and  IN,  the  trailing  edge  shown  in 
Figure  17  (Edge  II),  the  blunt  edge  airfoil  of  Brooks  and  ilodgeson  and  the  2b0 
rounded  edge  that  is  discussed  in  I’art  2.  Table  2  summarizes  the  important  param¬ 
eters  of  each  edge.  For  U  >'  /'.  less  than  2  *  10“*  for  blunt  edges,  the  vortex 
strength  increases  systematically  with  increasing  Reynolds  number.  For  the  25°  and 


Figure  'll  -  Mean-Square  Vortex  Strengths  for  Various  Irail  ing  Mlges  will)  Vortex 

Shedding.  1'nflaggeci  Paints  Obtained  with  Wake  Intensity  Measurements 
and  Eq  .  (17a),  1  lagged  Points  Obtained  with  Surface  Pressure  Measure¬ 
ments  and  Eq .  (did).  Numbers  Denote  (Inal  it  y  i.u  tors  ]  /  1  -  O  lor 

0  •  JO.  Dashed  Fines  Represent  Trends  for  Blunt  and  Rounded  Bevel 
Edges.  See  Tabic-  2  for  Edge  Notation. 
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TABLE  2  -  PARAMETERS  FOR  TRAILING  EDGES  WHICH  PRODUCE  TONES 


Edge  Type 

28/h 

uyf/Us 

yf/h 

■ 

■Vy  f 

-  =4 

0.06 

1.0 

0.8 

m 

u.  rLh 

- T 

0.26 

0.85 

1.0 

— 

III.  h  T?  - - 45° 

♦  Ly 

0.05 

1.0 

0.5 

2.0 

3.5 

* 

IV.  NACA  0012  l_^h 

2 

1.0 

(assumed) 

1.5 

(estimate) 

— 

1  .  5 

V.  h  \  - -25° 

t  \ 

-0.05 

1.0 

0.37 

•-  2 

45°  rounded  trailing  edges,  the  deduced  vortex  strengths  are  much  less  intense  and 
also  increase  with  Reynolds  number.  It  is  anticipated  that  other  trailing  edge 
shapes  will  have  similar  dependence. 

As  the  Reynolds  number  increases  in  each  case  the  tonal  quality  ot  the  vortex- 
induced  pressures  improves;  the  flagged  points  denote  conditions  for  which  the  sur¬ 
face  or  sound  pressure  has  a  continuous  spectrum.  The  number  by  each  point  denotes 
the  approximate  quality  factor,  f  /Af,  at  each  Reynolds  number.  The  are  measured 
at  the  "half-power"  points  of  the  pressure  or  velocitv  spectra. 

Pressures  on  blunt  edges  for  Reynolds  numbers  greater  than  lO*  are  tones;  in 
the  case  of  the  45°  rounded-edge  tones  occur  for  >  10\  These  limiting  values 
are  dependent  on  the  nature  of  the  boundary  layer  upstream  of  the  edge.  The  measure 
ment  of  Brooks  and  Hodgeson  shows  this  with  a  f  /'f  =  3  and  a  thick  boundary  layer 
at  the  trailing  edge  (see  Table  2).  The  vortex  strength. boh  ind  the  V  rounded 
trailing  edge  was  observed  only  at  the  highest  Reynolds  number  of  the  test:,  it  had 
a  broad  bandwidth,  and  represented  a  threshold  of  onset  of  vortex  shedding. 
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CONCLUSIONS 


■) . 

For  two  trailing  edge  geometries,  differences  in  the  structures  of  the  near 
wakes  that  relate  to  the  production  of  tonal  disturbances  have  been  elucidated.  As 
would  be  expected,  a  disruption  of  the  formation  of  regular  disturbances  reduces 
the  intinsitv  ot  the  tonal  pressure  produced.  Tn  the  present  instance,  this  dis¬ 
ruption  is  brought  about  by  the  asymmetry  in  the  upper  and  lower  shear  layers  in  the 
wake,  and  made  possible  by  asymmetrically  beveling  the  trailing  edge.  The  growth 
phase  of  ordered  wake  structure  occurs  only  after  both  the  upper  and  lower  shear 
Livers  pass  the  apex  of  the  edge  and  it  occurs  within  a  half  wavelength  of  oscilla¬ 
tion.  The  completed  formation  of  a  vortex  in  the  wake  thus  occurs  before  the  shed¬ 
ding  of  the  next  vortex  of  opposite  circulation.  This  process  is  dependent  on 
Reynolds  number,  the  geometry  of  trailing  edge,  the  relative  thicknesses  of  the  up¬ 
stream  boundary  layer,  and  the  cross-wake  separation  of  the  shear  layers  that  con¬ 
st  ituu  the  near  wake. 

The  important  parameters  affecting  the  level  of  vortex-induced  surface  and 
aetodvn.im  j  c  sound  pressure  are:  the  wake  width,  y^_,  measured  between  shear  layers 
at  the  end  of  the  formation  zone,  the  length  of  the  zone,  the  strength  of  the  shed 
vorticitv,  and  its  spanwise  correlation  length.  For  the  limited  range  of  parameters 
.  \a:.iini'd,  the  spanwise  correlation  length  f  =  2  •  A ^  appears  to  be  of  the  order  of 
t •'  It  is  to  be  emphasized  that  these  values  apply  for  rigid  edges  only. 

V  rf-s- induced  surface  pressure  were  found  to  increase  as  the  trailing  edge  is 
ca  r  -  ii Led .  This  clearly  disposes  of  any  question  of  application  of  a  complete 

• :  .1"  ciuid it  ion  that  would  null  the  fluctuating  pressure  at  the  trailing  edge.  It 
is  shown,  however,  in  Part  2  that  analyses  which  do  apply  a  "Kutta"  condition  to 
a.a.i..  i:;n:  the  generation  of  continuous-spectrum  pressure  by  turbulence  convected  past 
*iie  edge  ippoar  to  be  valid. 

flic  observation  is  made  here  that  at  low  Reynolds  number  the  45°  rounded  trail. - 
Mi  edge  generates  a  continuous  spectrum  pressure  centered  on  the  same  frequency 
it  lie  ri  le  vortex  shedding  would  have  occurred,  i.c.,  wyj./ll  '  1.  In  this  case, 

r ,  1 1  *v  e  v  e  r ,  the  correlation  between  the  surface  pressure  and  the  velocities  fluctuations 
is  general ly  high  only  in  the  immediate  vicinity  of  the  edge.  These  continuous 
s  pci  t  rum  pn  ssures  are  basically  generated  in  the  immediate  velocity  ol  the  separa- 
ti  mi  zone  at  the  edge  rather  than  the  induction  field  of  the  wake,  as  it  would  he 
for  tonal  pressures;  yet  the  primary  frequency  is  still  governed  by  the  same  y  and 


U  as  in  the  tonal  case.  We  explore  the  generality  of  this  observation  to  other 
trailing  edge  geometries  in  Part  2. 
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PART  2.  RANDOM  PRESSURE  AND  VELOCITY  FLUCTUATIONS 


ABSTRACT 

An  experimental  determination  of  the  turbulent  field  quantities 
which  exist  at  trailing  edges  has  been  made.  The  investigation  was 
carried  out  on  a  rigid  strut  with  parallel  sides  and  circular  lead¬ 
ing  edge;  the  strut  was  not  yawed  to  the  flow.  Discussions  in  Part  1 
cover  cases  of  trailing  edges  that  produce  predominantly  periodic 
wakes;  discussions  in  this  part  cover  trailing  edges  that  produce 
predominantly  random  wake  structures.  In  each  case,  the  time-aver¬ 
aged,  boundary-layer  characteristics,  streamwise  turbulence  inten¬ 
sities,  and  fluctuating  surface  pressures  have  been  spatially  mapped 
in  the  region  of  each  edge.  Correspondence  between  surface  pressures 
and  turbulent  fields  in  both  the  immediate  vicinity  of  and  in  the  far 
wake  of  each  edge  were  determined  by  correlation  analyses.  Results 
show  some  general  features  of  both  random  and  tonal  pressure  gener¬ 
ation  that  are  common  to  both  ordered  and  disordered  flows.  The 
random  surface  pressures  on  the  edges  discussed  in  this  part  are 
generated  by  a  large-scale  eddy  structure  caused  by  turbulent  flow 
separation  on  one  side  of  the  airfoil  rather  than  by  the  wake  ex¬ 
tending  downstream.  The  large  eddies  are  formed  in  the  separation 
process  at  the  edge,  and  the  frequency  spectra  of  the  random 
pressures  are  expressed  in  a  dimensionless  form  that  has  also  been 
found  suitable  for  describing  tonal  surface  pressures  of  periodic 
wakes . 


1.  INTRODUCTION 


In  Part  I  the  cornice l  ion  between  the  periodic  pressures  generated 
on  a  trailing  edge  and  the  large,  paired-vortex  structure  in  the  wake  was  quantified. 
: n  this  part,  we  shall  see  that  when  vortex  growth  does  not  occur,  the  surface  pres¬ 
ir.  fluctuations  are  not  periodic,  but  rather  distributed  over  a  broad  frequency 
range;  centered  on  a  characteristic  frequency  that  appears  to  scale  on  the  same  vari¬ 
ables  as  the  tonal  pressure  of  the  frequency.  There  is  a  class  of  trailing  edges, 
which  shall  be  called  "nonsinging,"  which  does  not  generally  produce  tonal  pressures, 
. i n d  behind  which  the  flow  pattern  at  the  trailing  edge  is  a  hybrid  of  an  attached 
boundary  layer  with  an  adverse  pressure  gradient  and  a  separated  flow  without  reat- 
tachment.  Figure  1  shows  the  schematic  of  the  interchangeable  geometries  used  on  a 
l.tsic  i t  rut  as  well  as  rough  classifications  denoted  as  "singing"  or  "nonsinging” 
edges.  Part  1  dealt  with  discussions  of  the  organized,  vortex  street  wake  flow  be¬ 
hind  tlu-  blunt  edge  and  the  edge  with  a  45°  rounded  bevel.  In  this  part  we  discuss 
the  fluid  dynamics  of  the  remaining  two  edges,  each  with  a  25°  bevel.  These  two 
edges  are  recommended  by  lleskested  and  Olbcrts  (1960)  as  geometries  useful  for  the 
prevention  of  "singing  of  lifting  surfaces";  the  25°  knuckle  edge,  which  was  not 


cure  1  -  A  View  oi  tile  Strut  Showing  the  Orientation  of  Trailing  I'.dges  and 
Schematic  I. orations  of  Microphones 
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rounded,  has  boundary  layer  separation  over  the  wedge  region  with  an  extensive  zone 
of  large-scale  motion.  The  other  edge  has  a  more  gradually  induced  separation 
afforded  by  the  K'-in.  radius  of  curvature  that  removes  the  knuckle  and  that  permit 
an  extensive  region  of  boundary  layer  flow,  with  and  adverse  pressure  gradient  that 
gives  rise  to  a  less  intense  separation  zone.  In  the  discussions  to  follow,  we 
describe  the  turbulence  field  near  each  trailing  edge  in  considerable  detail,  the 
surface  pressures  it  induces,  the  statistical  relationship  extant  between  the  pres¬ 
sures  and  the  eddy  structure  in  the  near  wake,  and  the  theoretically-based  aerody¬ 
namic  sound-producing  qualities  of  the  flow.  Further,  we  attempt  to  delineate  be¬ 
tween  tire  meanings  ot  generating  "tonal"  and  "nontonal"  disturbances,  particularly 
with  regard  to  predictions. 

The  microphone  measurement  Locations  A  through  ('.  are  illustrated  in  Figures  1, 
2,  and  3.  All  details  of  the  experimental  method  and  of  the  boundary-layer  charac¬ 
teristics  on  the  strut  have  been  described  in  Part  1,  and  in  Part  2,  Tables  1  and 
2,  and  by  Blake  (1975). 


31  33  .33  34  31)  36  37  38  39  40  41  4.'  43 


Figure  2  -  Flow  Patterns  and  Static  Pressure  Distributions  on  the  25° 
Knuckle  Beveled  Kdge.  The  Flow  Patterns  are  Shown  for  U  = 
100  ft/s;  Static  Pressures  for  the  Speeds  Shown 
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Figure  3  -  Flow  Patterns  a  =  100  ft/s  Pressure  Distribution  Near  the  25° 
Rounded  Level 


TABLE  1  -  MEAN  BOUNDARY-LAYER  PROPERTIES  FOR  THE  25°  KNUCKLE  TRAILING  EDGE 


50  fps 

100 

fps 

Position 

<5 

<5* 

6 

H 

6 

P 

H 

A 

-- 

— 

— 

0.65 

0.09 

0.07  3 

1.21 

B 

— 

— 

— 

— 

0.67 

0.103 

0.074 

!  .4 

C 

— 

-- 

— 

— 

0.62 

0.0705 

0.0564 

1  .  24  5 

I) 

0.09 

0.084 

0.0795 

1  .055 

0. 56 

0 . 0  5 

0 . 0  +  7 

1  . 06 

E 

— 

— 

— 

— 

0  .  S 

0.O7 

0.0525 

1  .  14 
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1,33 

0.45 
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— 

0.88 
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0.114 

2 . 765 

F 

1.6 

0.81 
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4 . 4  7 

1.29 

O.  596 

0.21  7 

2.75 

All  dimensions  are 

in  inches,  H  = 

6  *  /  0  . 
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TABLE  2  -  MEAN  BOUNDARY-LAYER  PROPERTIES  FOR  THE  25°  ROUND  TRAILING  EDGE 


60  fp 

s 

100  fps 

Pos i t ion 

* 

6* 

9 

H 

6 

4* 
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H 

4 

A 

B 

0.575 

0.0735 

0.061 

1.21 

0.435 

0.0603 

0.048 

1.26 

0.8 

0.093 

0.08 

1.17 

0.63 

0.073 

0.059 

1.23 

B-l 

— 

— 

— 

— 
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0.0668 

0.0565 
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— 

— 

— 
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1.14 
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,  H  = 

2.  SEPARATED  FLOW  AT  BEVELED  TRAILING  EDGES 
In  these  cases,  the  boundary  layers  incident  on  the  edges  experience  adverse 
pressure  gradients  before  being  shed  by  the  strut.  For  these  nonsymmetr ical  edges, 
the  flow  on  one  side  of  the  strut  separates  upstream  from  the  apex,  or  tip,  of  the 
trailing  edge  and  periodic  vortex  streets  do  not  appear  to  be  formed.  This  section 
describes  the  mean  and  unsteady  velocities  that  occur  on  the  two  beveled  trailing 
edges  with  a  25°-included  angle.  Much  effort  was  spent  on  a  clear  identification  of 
the  separation  points  and  large-scale  vortex  structures  in  the  absence  of  sophisti¬ 
cated  flow-visualization  techniques. 

2.1  TURBULENT  FLOW  NEAR  25°  KNUCKLE- BEVELED  EDGE 

As  tile  boundary  layer  approaches  the  edge,  it  first  experiences  a  favorable 
pressure  gradient,  followed  by  an  adverse  gradient  just  downstream  from  the  knuckle. 
Ibis  is  shown  in  Figure  2  for  the  two  tunnel  speeds  Ut  =  50  and  100  ft/s.  The  pres¬ 
sure  recovery  appears  to  be  more  apparent  at  the  higher  speed  since  the  pressure 
coefficients  are  less  negative  at  100  than  at  50  ft/s.  Boundary-layer  characteris¬ 
tics  were  obtained  at  the  Positions  A  through  F  (see  Figure  2)  on  the  surface  of 
(tie  edge  as  well  as  in  the  near  wake  downstream  from  the  edge.  Before  discussing 


the  quantitative  measurements,  it  is  appropriate  to  mention  that  an  oil  streak 
experiment,  identical  to  that  described  in  Part  1,  showed  separation  at  Position  ! . 
Oil  accumulated  in  a  streak  approximately  0.1  in.  in  width,  at  the  downstream  iror.i 
Position  F.  This  confirms  that  an  expected  steady  separation  occurs  at  the  knuckle 
followed  bv  a  large-scale  and  intermittent  separation  /.one  further  downstream. 

Results  of  a  survey  of  the  boundary  layer  on  the  edge,  performed  at  upstream 

flow  velocity  U  =  100  ft/s,  are  shown  in  Figure  2.  Flow  profiles  for  50  ft/s  are 

similar.  ['able  1  gives  thickness  parameters  for  the  boundary  layer.  At.  Position  K, 

which  is  0.1  in.  downstream  from  the  knuckle,  the  flow  reversal  that  accompanies 

separation  could  not  be  observed  with  the  hot-wire  anemometer.  The  total  velocity 

sensed  by  the  anemometer  cannot  discriminate  between  components  parallel  to  and 

vertical  to  the  surface  when  the  mean  velocity  is  small.  The  "mean"  and  root-mean- 

square  velocities  on  the  knuckle  are  of  the  same  order  as  the  mean  velocity;  and  as 

shown  by  Simpson  et  al.  (1977),  the  standard  interpretation  of  the  anemometer  output 

gives  anomalously  high  mean  velocities  when  the  mean  and  fluctuating  quantities  are 

of  comparable  value.  Furthermore,  the  anemometer  is  indiscriminately  sensitive  to 

all  flow  directions  in  these  cases.  What  the  velocity  profiles  do  show  is  the 

general  structure  of  the  separated  flow  field.  The  total  root-mean-square  turbulent. 

intensities  of  the  boundary  layers  are  shown  as  dotted  lines  lor  each  location  and 

they  show  important  features.  The  first  is  a  local  maximum  in  turbulence  intensity 

that  coincides  with  a  maximum  in  the  vertical  gradients  of  mean  velocity  df'/dv. 

llie.se  local  maxima  show  an  absolute  maximum*  in  excess  of  u-'/l'  =  0.23,  where  !’  i 

the  local  mean  free  stream  velocity  which  occurs  near  Pash  ion  ii  wit  ii  an  ini'  it,  : : 

Position  1  comparable  to  tliat  at  Position  H.  The  second  feature  is  that  neat  the 

wall,  where  dl.'/dy  =  0,  the  gradient  dtu-  */l’  ) /tiv  also  vanishes.  Furt  hermore,  at 

o 

Position  F  the  root -mean-square  turbulence  intensity  indicated  in  this  region  near 
the  wall  is  approximately  one-half  the  measured  local  mean  velocity,  and,  therefora  , 
the  neak  fluctuations  of  velocity  probably  exceed  the  mean  velocitv  near  the  wall . 
kirns  of  constant  speed,  which  describe  streaml  ines,  have  also  been  drawn  in  !' :  ,-t:  r  a 
2.  The  dashed  line  which  encloses  the  region  near  the  wall  Tor  which  dT'.i'  ; 

considered  as  also  roughly  enclosing  the  region  of  separated  flow. 


* Two  normalization  velocities  are  used;  P  ,  the  average  upstream  vein,  it  and 
the  local  f ree-stream  velocity  at  the  position  in  quest  ion. 


i 
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ue  region  ot  separation  between  Position  E-l  and  the  tip  (shown  in  figure  2), 

t‘  'oijiule  !  hv  the  line  ( - ),  is  not  a  zone  of  constant  flow  reversal.  Rather,  it 

:  .nine  of  oscillatory  motion  with  equal  tendency  of  flow  upstream  and  downst  i  .  an. . 

■  .  .  tendency  was  indicated  by  space-time  correlations  of  streamwise  velocitv  fluc- 

!  ’  i>  iti  Blake  (1975)).  For  a  probe  pair  separated  in  the  streamwise  direction 

i.v  .  i  :cci:  outside  the  separation  zone,  a  convection  velocitv  of  the  same  order  as 

;  s  Incut  velocity  was  measured.  When  the  probe  pair  was  situated  in  the  zone 

m-rked  by  the  boundary  line  ( - ),  there  was  no  time  delay  between  the  probes  and, 

f i ct  ef are.  no  mean  streamwise  convection.  Furthermore  when  a  pair  of  probes  was 

■a'  !  across  the  stream  normal  to  the  surface,  one  inside  and  one  outside  the 

s  s-  .  v i t  h  no  streamwise  displacement  of  probes,  the  velocity  fluctuations  were 

:  •  .  if  iv'.iv  correlated.  Thus,  motions  on  either  side  of  the  boundary  ( - )  are 

s  o  phased.  To  the  extent  that  the  unsteady  motions  in  the  separat  i.m 

:.  he  cluir  ic  ter  ized  by  a  vortex-like  structure,  these  correlations  then  give  t  he 

.  .heat  ions  of  a  vortex  whose  center  nearly  coincides  with  the  boundary  ( - ),  and 

ss  . tided  rough!  y  by  the  surface  of  the  strut  and  the  streamline  U  =  0.6  11  ,  winch  is 
■  o 

.•  iven  b"  the  Locus  of  turbulence  maxima  in  the  shear  flow.  Thin  cotton  tufts  fixed 

t  he  siriase  substantiated  this  interpretation.  The  tufts  were  long  enough,  to  be 

is  the  recirculation  zone  and  they  alternately  twirled  in  the  flow  or  were 

■  •  •  ed  upstream  and  downstream  along  the  surface.  The  alternations  of  mot  mi;  were 

■  s  irregular  in  occurrence.  Thus,  it  appears  the  separation  zone  can  be  described. 

■u  .::■■  formed  at  Position  K,  crowing  and  translating  along  the  edge  at  a  vein- 

es'.cT  '  t .  il>  h  ,  and  behind  which  is  a  temporarily  reattached  flow.  When  the 
o  1 

ft.  i  it  os  far  enough  downstream,  separation  reoccurs  at  Position  I'..  The 

:  i;.  -t  rear,  and  downstream  motions  very  near  the  surface  is  such  as  to  give  zero 

uiv.ct  ion.  I'nf  or  tunatel  v ,  both  the  high  velocities  used  in  l  hi.-  study  and 

. .  required  in  the  facility  (surface  pressure  measurements  received 

»nd  '  uis  dictated  facility  selection)  made  it.  impossible  to  use  -.erne  of  the 
.  :  ’  ■  w  visualization  teehni  pies. 

ueiuy  spectral  content  of  turbulence  above  Positions  V  and  H  was  broad- 
W  ■  u  a  a  1 ed  on  the  local  velocitv  and  '*,  the  nond imens iona i  ized  spectra  w-Tc 
:  •  •  ■  ::■  ii.tr  to  those  normally  measured  in  attached  turbulent  boundary  lavers,  ;a  v , 

.;  a  .a:-:  of  the  trailing  edge.  This  means  that  the  wave-number  spectrum  of 
r  .  .  t  . 1  turbulence  at  a  given  Incut  ion  along  the  bevel  was  sot  hv  the  general 


The  theoretical  noise-producing  qualities  of  this  geometry  depend  on  the  con¬ 
vection  velocity  of  the  separated  vorticity  past  the  trailing  edge.  Cross-spectral 

densities  between  pressure  at  Position  F,  i.e.,  p(x  ,t)  and  other  positions,  i.e., 

r 

p(x  +  r  ,t),  are  shown  in  the  center  of  Figure  13.  The  cross  spectrum  is  defined 
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where  x  represents  the  location  of  Position  F.  In  Figure  13,  the  cross-spectral. 

r 

density  is  normalized  on  the  product  of  the  individual  autospectra  denoted  by 
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Hie  phase  of  the  cross  spectrum,  u,  has  a  smooch  variation  both  with  separation 
and  frequency,  as  also  shown  in  Figure  13.  The  near-linear  dependence  of  this  phase 
is  representable  as 


“  (rx,Uj) 


U 

c 


(5) 


where  U  is  an  eddy  convection  velocity,  U  =  0.55  U  ,  which  appears  to  be  constant 
from  Position  E-l  to  the  apex  and  over  the  frequency  range  0.7  ■  f /U  ■  1.0.  The 

pi  vise  lias  been  extrapolated  and  referred  to  zero  at  the  apex  of  the  edge  as  if  the 
reference  microphone  had  been  located  there.*  Interpreting  this  please  as  due  to  a 
mean  convection,  then,  the  plvase  in  the  form  shown  in  Figure  13,  i.e., 

■  •  x 

j  =  — -  -  =  k  x  ( b ) 

°  U 

c 

where  k  is  interpreted  as  a  convection  wave  number  and  x  points  upstream  from  the 
a  pex . 

*In  Figures  12  and  13,  it  is  to  be  noted  that  measurement  locations  were  extend¬ 
er!  to  within  l4  in.  from  the  apex  of  the  edge  using  thin  strain  gage  microphones. 
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Figure  12  -  Spectral  Densities  of  Surface  Pressures  at  a  Rounded-Bevel  Trail¬ 
ing  Edge.  The  Double  Arrow  in  the  Inset  Indicates  the  Zone  of 
Separation.  Parameters:  Edges  5  Tables  Nge  =  10^. 

The  surface  pressure  spectra  on  the  25°  rounded  edge,  previously  nondimens ion- 
ul  is. ed  on  local  i*  in  Figure  6,  are  normalized  on  and  Ug  in  Figure  12.  Now  it 
can  be  seen  that,  in  the  separation  zone,  the  pressures  stabilize  to  a  common  spec¬ 
tral  form  which,  as  seen  above,  appears  to  be  somewhat  typical  of  separation- 
induced  pressure  fluctuations.  A  comparison  of  Figures  10  through  12  permits 
the  general  statement  that  the  spectral  form  of  pressures  beneath  a  separation 
zone  differs  considerably  from  that  of  pressures  is  an  attached  boundary  layer  and 
show  greatly  enhanced  values  at  frequencies  less  than  y  / 1  -s  1. 


5.2  LARGE-EDDY  STRUCTURE  IN  THE  SEPARATION 
ZONE  OF  THE  BEVELED  EDGE 

It  was  shown  in  Sections  3  and  5.1  that  the  pressure  fluctuations  on  the  beveled 
edges  fall  into  distinctly  different  groupings,  according  to  whether  they  occur  on 
the  bevel  or  upstream  on  the  base  strut.  Figure  13  further  expresses  this  point, 
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Figure  10  -  Surface  Pressure  Spectra  Beneath  Flow  Separation  at  Trailing  Edges 
Which  Do  Not  Ordinarily  Generate  Periodic  Vo,-tex  Street  Wakes. 

Open  Points:  Pos .  F  on  Knuckle-Beveled  Edge,  y^  =  0.7  h,  Cp 
-0.3;  Closed  Points:  Pos.  G  on  Round-Edge,  =  0.037  h,  Cp^  = 


these  pressures,  now  normalized  on  y^.  and  on 

us  =  u  ,;''rr(fp's  (1) 

where  Cp  is  the  static  pressure  coefficient  beneath  the  separated  flow.  The  pres¬ 
sures  on  the  knuckle  edge  appear  to  stabilize  to  a  common  dimensionless  form  at 
velocities  greater  than  50  ft/s.  No  such  obvious  speed  dependence  was  observed  for 
the  nondimensionalized  pressures  on  the  25°  rounded  edge.  The  shapes  of  all  spectr 
are  all  similar  and  ujy ^ / U  =  1  marks  a  limiting  dimensionless  frequency  below  which 
the  spectrum  is  reasonably  flat. 
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correlation  function  is  more  representative  of  the  boundary  layer  pressure  than  the 
wake-induced  pressure.  It  appears  that,  in  both  cases,  one  can  generalize  the 
pressures  and  correlation  functions  as  being  "boundary-layer-like"  and  "wake-like" 
in  nature.  The  pressures  generated  beneath  fully  attached  flows  are  generated  by  a 
rather  disordered  field  producing  R  of  the  "boundary-layer  type."  Conversely,  the 
pressures  locally  generated  beneath  a  separated  turbulent  flow  with  large-scale 
structure,  or  by  an  ordered  wake  are  of  the  "wake-like"  type. 

In  Figures  8  and  9,  the  length  scale  y^  has  been  introduced,  a  consequence  of 
the  apparent  wake-like  mechanics  of  pressure  generation.  This  cross-wake  dimension 
is  defined,  as  it  was  in  Part  1,  as  the  distance  between  intensity  maxima,  as  these 
indicate  the  shear-layer  location.  For  these  beveled  edges,  the  absolute  maxima  in 
u  occurs  at  or  slightly  downstream  of  Position  H.  Accordingly,  for  the  knuckle 
edge  0.7  <  y^/h  <  0.8,  and  for  the  25°  rounded  edge  0.2  y^/h  <  0.3;  the  values 
chosen  were  y ^  =  0.8  h  and  0.37  h,  respectively.  A  curious  similarity  between  the 
edges  is  that  the  streamwise  extent  of  the  separation  appears  to  be  of  order  2  yf  in 
both  cases. 

A  comparison  of  the  general  characteristics  of  all  the  trailing  edges  that  are 
discussed  in  this  and  the  first  part  is  given  in  Table  3.  Although  a  full  discussion 
of  all  the  columns  in  the  table  will  unfold  in  the  succeeding  sections  of  this  paper, 
it  will  put  the  various  flow  types  into  perspective.  Edges  1  through  5  generate 
tonal  or  nearly  tonal  pressures,  depending  on  the  Reynolds  number  involved,  while 
Edges  3  through  6  generate  fully  random,  or  nearly  periodic  pressures,  again,  de¬ 
pending  on  the  Reynolds  number.  As  we  shall  see  in  Section  5,  both  the  vortex- 
shedding  pressures  and  the  fully-random  pressures  fall  into  individual  categories 
for  which  general  dimensionless  formats  may  be  used  to  describe  them.  ripanwise 
integral  length  scales  of  the  surface  pressures,  A^,  (see  Section  6.2)  were  only 
measured  on  four  of  the  six  edges. 


5.  DETAILS  OF  THE  PRESSURE  SPECTRA  IN  REGIONS  OF 
SEPARATED  TRAILING  EDGE  FLOW 

5.1  GENERALIZATIONS  REGARDING  THE  STATISTICAL  PROPERTIES 
OF  THE  SURFACE  PRESSURE 

Pressures  at  Position  G  on  the  25°  rounded  edge  and  at  Position  F  on  the  knuckle 
edge  are  typical  of  pressures  in  the  separation  zone.  As  indicated  on  the  knuckle 
edge,  the  pressures  through  the  separated  zone  are  fairly  constant.  Figure  10  shows 
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the  fully-developed  flow,  the  correlations  are  typical  of  those  measured  elsewhere. 
In  the  near  wake  over  and  downstream  of  the  knuckle,  along  a  trajectory  which 
pproximately  follows  the  locus  of  maximum  velocity  fluctuations,  the  correlations 
have  a  very  different  behavior.  They  have  only  one  negative  peak  which  occurs  at 
increasingly  later  time  delays  as  the  anemometer  probe  location  is  moved  downstream. 
As  noted  in  Blake  (1975),  the  maximum  values  of  pu  occur  at  the  location  of  maximum 
turbulence  intensity.  These  correlations  are  normalized  on  as  they  were  in 
Figures  7,  12,  and  15  of  Part  1.  Comparison  of  <  pp  u  >  in  Figure  8  with  the  cor¬ 
relations  in  Figures  12  of  Part  1  shows  some  qualitative  similarities,  but  the  mag¬ 
nitudes  of  the  correlations  over  the  knuckle  edge  are  about  one-half  those  over  the 
45°  rounded  edge.  Furthermore,  the  pressure  is  correlated  with  -u  in  the  near  wake, 
but  with  3u/3t  in  the  boundary  layer  flow.  This  latter  conclusion  is  supported  by 
the  correlation  function  of  Position  B  shown  in  Figure  8,  which  has  a  single  maxi¬ 
mum  of  3Rpu/9t  occurring  at  t  =  0.  In  the  case  of  discrete  vortex  shedding  down¬ 
stream  of  blunt  edges,  the  pressure  is  also  correlated  with  -u,  but  that  correlation 
remains  significant  for  values  of  r  well  downstream  of  the  trailing  edge. 

Similar  general  behavior  can  be  seen  for  the  flow  field  of  the  25°  rounded  edge 
in  Figure  9.  In  the  flow  Position  F,  which  is  near  the  point  of  separation,  the 


Figure  9  -  Pressure-Velocity  Correlations  in  the  Near  Wake  and  Separation  Zone 
of  the  25°  Rounded  Trailing  Edge.  r  is  Measured  from  Position  G 
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4.  CONNECTION  BETWEEN  SURFACE  PRESSURE  AND  LOCAL  FLOW  STRUCTURE 
The  regions  of  the  shear  flow  which  control  the  surface  pressure  are  elucidated 
by  pressure-velocity  correlations,  much  as  done  previously  in  Part  1  for  the  tone 
generation  at  blunt  trailing  edges.  Similar  correlations  have  also  been  obtained 
for  boundary  layer  flows  by  Willmarth  and  Woolridge  (1963)  and  by  Burton  (1971).  In 
the  case  of  fully-developed  turbulent  boundary  layers,  correlation  of  the  type 

— ►  -V  — V  —  — 

<  p  (y,t)  u (y+r , t+x )  >  =  pu 

where  the  brackets  <  >  denote  a  time-averaged  product,  and  where  p(y,t)  represents 
the  instantaneous  pressure  at  the  wall  location  y,  suggest  features  of  flow  struc¬ 
ture  which  control  the  pressure.  Figure  8  shows  the  correlations  obtained  upstream 
of  the  edge  in  the  region  of  the  knuckle-trailing  edge.  Upstream  of  the  edge,  in 


Figure  8  -  Pressure-Velocity  Correlation  in  the  Near  Wake  and  Separation  Zone  of 
the  25°  Knuckle  Trailing  Edge 
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Figure  6  -  Dimensionless  Pressure  Spectra  on  the  25°  Rounded  Bevel  Trailing  Edge. 
Open  Points,  U  =  100  ft/s;  Closed  Points  U  =60  ft/s 
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Figure  7  -  Dimensionless  Pressure  Spectra  of  25°  Knuckle  Trailing  Edge 


Figure  5  -  Wall  Pressure  Spectral  Densities  at  Position  B  Normalized  on  Local 
Wall  Shear,  Displacement  Thickness,  and  U^.  Open  Points  = 

100  ft/s,  Closed  Points  U  =  60  ft/s 

rounded  edge,  the  pressures  (Figure  6)  have  increasingly  more  low-frequency  content 
as  Position  F  is  approached.  From  Positions  E-l  to  G,  there  is  a  systematic  reduc¬ 
tion  in  high  frequency  pressures;  this  reduction  is  highly  significant  especially 
when  it  is  recalled  that  the  values  of  6*  used  also  increase  as  the  edge  is  ap¬ 
proached.  From  Positions  DE  to  G,  there  is  a  5-fold  increase  in  6*  given  in  Table  2. 
The  autospectra  of  pressures  on  the  knuckle  edge,  and  given  in  Figure  7,  show  a 
marked  lack  of  S*-similarity  with  pressures  upstream  in  the  fully  developed  layer. 

The  results  do  show  clearly  two  distinctly  different  spectra,  depending  on  location 
upstream  in  the  standard  boundary  layer  or  in  the  zone  of  separated  flow.  Pressures 
at  Position  D  are  intermediate.  It  is  notable,  that  throughout  the  separation  zone, 
:i.e.  at  Positions  K,  E-l,  and  F)  the  dimensionless  pressures  are  roughly  the  same, 
especially  at  low  frequencies.  The  pressures  are  also  much  less  intense  than  those 
on  the  edge  with  the  rounded-off  knuckle;  however,  pressure  spectra  at  Positions  E-l 
and  F  on  the  knuckle  edge  are  within  the  6  dB  and  similarly  shaped.  This  is  a 
feature  which  will  be  reexamined  in  Section  5.1.  On  the  nonbeveled,  flat,  side  of 
the  edge  the  spectrum  levels  were  the  same  as  those  measured  upstream,  say  at 
Position  A. 
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typical  of  attached  boundary-layer  flow.  This  similarity  implies  that  the  length, 
scales,  or  wave  number  spectrum,  of  the  turbulence  is  determined  by  the  l<jcu_l  she,:i 
layer.  The  turbulence  dynamics  for  the  separation  zur.es  ol  hoi  h  these  trailing  tii/i  . 
seem  qualitatively  quite  similar;  the  rounded  trailing  edge,  however,  generates  a  tnuc.i 
smaller  scale  separation  zone.  As  seen  by  comparing  turbulence  intensities  of 
Position  H  of  both  edges  (Figures  2  and  3)  the  turbulence  intensities  of  the  shed 
shear  layers  differ  by  roughly  a  factor  of  2. 

3.  AUTOSPECTRA  OF  PRESSURE  FLUCTUATIONS:  GENERAL  FEATURES 
For  both  25°  trailing  edges,  the  frequency  distribution  and  the  spatial  corre¬ 
lation  characteristics  of  the  surface  pressure'  have  been  measured.  In  this  section 
we  compare  these  results  to  previously  published  wall  pressure  statistics  in  equili¬ 
brium  boundary  layers  and  to  earlier  measurements  in  adverse  pressure  gradients. 

In  Part  1,  it  was  shown  that  the  mean  velocity  profile  and  the  streamwise  tur¬ 
bulence  intensities  at  a  point  were  similar  to  those  that  are  well  known  for  equi¬ 
librium  boundary  layers.  The  autospectra  of  the  wall  pressures  at  Position  B  are 
shown  in  dimensionless  form  in  Figure  5;  normalization  has  been  made  so  that 
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The  results  compare  favorably  with  those  of  Blake  (1970)  for  a  boundary  layer  on  a 
smooth,  flat  wall.  For  m6*/Uoo  >  4  the  results  diverge  because  of  the  spatial  aver¬ 
aging  of  small-scale  disturbances  over  the  microphone  as  discussed  by  Corcos  (1963), 

an  effect  which  becomes  severe  when  < ud/U  2,  where  d  is  the  diameter  of  the  micro- 

c 

phone  and  Uc  -  0.6  U^.  In  this  case,  d  =  0.3  <'■*.  The  spectra  also  diverge  slightlv 
at  lower  frequencies.  This  divergence  was  not  observed  in  the  earlier  work  (Blake 
1970);  in  this  case  it  may  be  due  to  the  influence  of  leading-edge  separation. 
Nonetheless,  these  spectra  are  considered  representative  of  the  equilibrium  turbulent 
boundary  layer  and,  therefore,  they  are  a  standard  of  comparison  for  spectra  measured 
at  points  on  the  trailing  edges. 

Autospectra  of  pressures  at  these  two  trailing  edges  show  progressive  effects 
of  flow  separation.  We  first  examine  the  gross  trends  of  the  pressures  in  the  non- 
dimensional  form  typically  used  for  turbulent  boundary-layer  pressure.  On  the 
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Figure  4  -  Relationship  Between  Shape  Factor  and  6*/5  for  Various  Positions  on 
the  Trailing  Edges  and  for  Sanborn  and  Kline's  Experiment  with 
Intermittent  Separation 

velocity.  This  suggests  that  the  flow  separation  on  the  knuckle  edge  should  be  more 
intermittent  as  the  wind  speed  is  increased.  As  previously  discussed,  the  mean  tur¬ 
bulent  velocity  measurements  on  this  edge  indicate  more  turbulent  activity  at 
100  ft/s  than  at  50  ft/s.  For  the  knuckle  edge  however.  Position  E  in  Figure  2  is 
clearly  the  separation  point. 

The  frequency  spectra  of  the  longitudinal  velocity  fluctuations  near  this  trail¬ 
ing  edge  show  the  same  property  of  local  convection  that  has  been  shown  for  the 
boundary  layers  with  vanishing  pressure  gradients.  Spectra,  normalized  on  the  local 
velocity  and  boundary-layer  displacement  thickness  are  all  similar  to  those  that  are 
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dimension  of  the  local  shear  layer.  Therefore,  the  frequency  spectra  of  velocitv 
fluctuations  progressed  to  lower  and  lower  frequencies  as  the  flow  passed  along  t  he 
bevel . 

2.2  TURBULENT  FLOW  NEAR  25°  ROUNDED- BEVELED  EDGE 

The  surveys  of  the  boundary  layer  and  the  static  pressure  distribution  on  the 
25°  rounded,  beveled  edge  are  shown  in  Figure  3.  Downstream  of  Position  }•',  the 
static  pressure  was  nearly  constant  for  speeds  =  60  and  100  ft/s;  however,  the 
gradient  of  pressure  was  adverse  for  points  downstream  of  37  in.  from  the  leading 
The  mean  velocity  slows  markedly  with  distance  downstream  from  this  point, 
while  the  fluctuating  velocities  increase,  reaching  an  apparent  maximum  in  the 
vicinity  of  Positions  H  and  I.  The  balance  of  mean  momentum  measured  for  the  bound¬ 
ary  layer  on  the  edge  (Blake  (1975) )  shows  that  separation  occurs  somewhere  between 
Positions  F  and  G.  Table  2  gives  the  mean  properties  of  the  boundary  layer  on  this 
rounded  trailing  edge.  The  favorable  pressure  gradient  upstream  from  Position  C 
causes  the  boundary  layer  to  contract  so  that  its  momentum  and  displacement  thick¬ 
nesses  decrease  and  the  shape  factor  decreases  to  1.14.  Although  a  rough  measure¬ 
ment  of  the  mean  momentum  balance  suggests  that  this  is  accompanied  by  an  increase 
in  C  (compared  to  the  values  of  local  skin  friction  at  Positions  A  and  B,  see  also 
Figure  2),  the  survey  of  the  boundary  layer  was  not  made  with  close  enough  stream- 
vise  separations  for  the  calculated  momentum  integrals  to  give  local  values  of  (Im¬ 
precisely.  Flow  visualization  by  oil  streaks  demonstrated  that  flow  separation 
occurred  just  upstream  from  Position  F.  Distinct  flow  reversal  was  not  clearly 
disclosed  because  the  very  low  velocities  near  the  wall  were  insufficient  to  cause 
significant  movement  of  the  oil.  In  drawing  streamlines  in  Figure  3,  Position  F  has 
been  selected  as  the  separation  point. 

i  In  criterion  for  intermittent  separation  of  Sandborn  and  Kline  (1961)  relates 
if  I o-  a)  value  of  shape  factor  ■'■*/■•  to  •’*/'.  Their  criterion  for  turbulent  flow 
.■a  pa:  at  ion  is  compared  to  measured  values  on  the  trailing  edges  in  Figure  4.  At 
Position  6,  flow  separation  appears  to  be  assured  for  both  speeds  of  60  ft/s  and 
i 00  ft/s,  while,  at  Position  F,  separation  is  assured  by  this  criterion  only  at 
100  ft/s.  'tins,  as  speed  increases  beyond  100  ft/s,  the  tendency  for  the  existence 
of  steady-state  separation  appears  to  be  more  persistent.  Similarly-obtained  param¬ 
eters  for  the  knuckle  t  iling  edge  are  also  shown  as  squared  letters.  In  this  case 
by  the  Sandborn  and  Kline  criterion,  the  values  of  Position  11  decrease  with  increasi 


The  normalized  cross-spectrum  magnitude  ;  I r  ,o,  )  represents  a  spat ial  cor¬ 
relation  coefficient  of  pressures  of  the  wave  number  k  over  a  coordinate  distance 
r  along  the  chord.  The  cross  spectrum  shown  indicates  that  the  pressures  are 
reasonably  well  correlated,  over  more  t  lian  half  of  the  bevel,  especially  at  fre¬ 
quencies  near  aw./V  .  The  correlation  .sea  Lo  of  t  he  pressure  is  k  -  ,,/V  as 

"  f  s  •  c  c 

.diown  by  the  further  cotap  t  a  Lion  in  Figure  14.  Here,  ,  ;  (r  ,,  ••)  1  is  shown  for  a  vari 
ety  of  speeds  and  microphone  combinations.  Especially,  at  speeds  in  excess  of 
40  ft/s,  this  function  can  be  represented  as  a  function  of  k^r  ,  primarily  so  the 
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•  •  1  4  -  rosa-Spec  tra  1  Dens  it  ies  of  Surface  I’rosmiri-  with  Chordwise  Distances 
in  t  l:e  Separation  Zone  of  the  24'"  Knuckle  Edge.  The  Reference  Pressor 
is  at  Position  K  in  the  Center  of  the  bevel  and  2  in.  Upstream  of  the 
Apex  of  the  Edge.  Numbers  Shown  in  the  Figure  Pertain  to  Flow  Velo¬ 
cities  of  50,  100,  and  200  i/s. 


complete  cross  spectrum  can  be  approximated  in  the  form 


4>(rx,o))  =  4>(wyf/Us)  <p(ojrx/Uc)  elwrx/uc  (7) 

where  i> (toy ^/U  )  is  shown  in  Figure  10.  As  indicated  in  Figure  13,  the  eddy  lifetime 
of  the  most  correlated  turbulence  in  the  bevel  area  appears  to  be  of  such  duration 
that  eddies  retain  their  identities  over  streamwise  separation  distances  Ar^  up¬ 
stream  and  downstream  of  the  center  of  the  bevel  (Position  F)  of  order  Ar  =  2/k  . 

x  c 

This  is  confirmed  by  the  peak  of  large  correlation  at  uirx/Uc  =  2  shown  in  Figure  14 
for  all  free-stream  speeds.  For  the  characteristic  frequency,  uy^/Vg  =  1  and  = 

0.46  U  ,  this  means  that  Arx  -  2  (0.46)  y^  and  a  measure  of  the  total  extent  in  a 
Lagrangian  reference  frame  of  correlated  existence  of  eddies  responsible  for  this 
frequency  is  roughly  2y^,  or  the  entire  length  of  both  the  bevel  and  zone  of  separa¬ 
tion.  Thus,  the  characteristic  eddy  field  is  formed  just  downstream  of  the  knuckle 
and  convects  at  a  speed  -  0.55  U^  (or  0.46  Ug  in  this  case)  past  the  apex  of  the 
edge  with  little  change  in  its  statistical  identity.  As  we  saw  earlier,  the  tra¬ 
jectory  of  the  eddy  center  roughly  corresponds  to  the  0.35  Uq  streamline  in  Figure  2, 

i.e.,  near  the  zone  marked  ( - )  as  discussed  in  Section  2.1.  Noting  that  the 

local  free-stream  velocity  UQ  is  approximately  the  same  as  Ug  over  the  separated 
flow  =  0.46  U  ,  the  convection  velocity  of  0.55  suggests  that  the  vortex  moves 
slightly  faster  than  the  streamline,  with  average  velocity  0.35  U  .  As  suggested  by 
the  pressure  velocity  correlations  in  Figure  8,  the  field  continues  its  convection 
downstream  of  the  apex  of  the  edge  with  a  diminishing  influence  in  creating  the 
surface  pressures. 

5.3  WALL  PRESSURE  STATISTICS  ON  ROUNDED-BEVEL 

TRAILING  EDGES 

Just  upstream  of  separation  region  of  the  rounded  edge  (i.e.,  upstream  of  Posi¬ 
tions  F  and  G  in  Figure  3),  the  boundary  layer  is  controlled  by  a  strong  adverse 
pressure  gradient.  The  longitudinal  cross-spectral  densities  of  surface  pressures 
in  this  region,  defined  by  Equations  (3)  and  (4)  and  shown  in  Figure  15,  have  a 
rather  erratic  behavior.  Convection  velocities  could  be  computed  from  the  measure¬ 
ments  because  the  phase  a(rx,co)  increased  systematically  with  frequency  and  stream- 
wise  separation  of  the  microphones.  For  locations  nearest  the  separation  point, 
Figure  16  shows  that  the  pressure  convection  velocity  slows  down  to  roughly  0.55  U  . 
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Figure’  1.5  -  Normalized  Longitudinal  Cross-Spectral  Density  Magnitudes  of 
Fluctuating  Surface  Pressures  on  25°  Rounded  Bevel  Edge 

•  ;m*  ous  iderab' e  lack  of  spatial  homogeneity  of  the  flow  in  this  region  of  this 

tr,ii  ling  edge  makes  in-depth  interpretation  of  these  data  impossible.  There  is  a 

suggestion  by  the  Positions  E-l  to  F  cross-spectra  that,  as  the  separation  zone  is 

approached ,  ( r  ,  0  approaches  the  form  shown  in  Figure  ]4.  The  most  significant 

correlation  between  these  positions  exists  over  the  range  of  t  >r  /U  between  l 

and  2.  Since  '  0.7  to  0.9  y_  for  these  locations,  and  since  U  /U  =  U  /U  -  0.55 

f  c  s  c  ” 
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Figure  16  -  Wall  Pressure  Convection  Velocities  at  Two  Positions  on  the  Strut 
with  25°  Rounded  Bevel  Trailing  Edge.  All  Values  of  rg  are 
Toward  the  Edge,  and  <5*  is  the  Average  Value  of  6*  for  the  Two 
Measurement  Locations 


the  Lagrangian  correlation  distance  r^  for  disturbances  of  the  characteristic  fre¬ 
quency  coyj./Ug  -  1  is  between  0.55  y^  and  1.1  y^,  just  as  in  the  case  of  the  knuckle 
bevel.  Thus,  in  comparison  to  the  knuckle  bevel,  the  rounded  bevel  appears  to 
generate  a  qualitatively  similar  flow  but  with  a  less  intense  pressure  field  in  its 
less  extensive  separation  zone.  The  leading  edge  of  this  separation  zone  is  not 
as  well  defined  for  this  edge  as  it  is  for  the  knuckle. 

6.  IMPLICATIONS  FOR  AERODYNAMIC  SOUND  GENERATION  AND 
SPANWISE  PRESSURE  CORRELATIONS 

6.1  ELEMENTS  OF  THE  THEORY  OF  AERODYNAMIC  SURFACE 
PRESSURES  AT  TRAILING  EDGES 

The  separated  flow  over  the  trailing  edges  discussed  in  this  paper  has  been 
shown  to  be  essentially  dominated  by  locally  generated,  convected  eddy  fields  with 
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no  now  disturbances  being  generated  as  a  result  of  near-wake  shear-layer  instabili¬ 
ties.  l'he  surface  pressures  on  the  knuckle  bevel  have  been  shown  to  be  near  1  v 
constant  throughout  the  separation  zone,  or  perhaps  slightly  decreasing,  as  tin- 
apex  of  the  trailing  edge  is  approached  from  the  upstream  flow  direction.  Correla¬ 
tions  between  the  surface  pressures  on  opposite  sides  of  knuckle-bevel  trailing 
edges  were  unmeasurable  within  the  available  averaging  time  of  the  instrumentation 
which,  in  work  subsequent  to  Blake  (1975),  permitted  measurement  of  correlation 
coefficients  of  0.03  between  transducers  on  opposite  sides  of  the  foil  and  situ¬ 
ated  1/4-in.  upstream  of  the  apex  of  the  edge.  Further,  the  pressure  spectrum 
levels  beneath  the  attached  boundary  layer  on  the  opposite  side  are  essentially 
.he  classically  reported  values.  Ther  fore,  the  separated  flow  may  be  regarded 
.is  a  one-sided  turbulent  field  convected  past  the  apex.  Interaction  between  the 
shear  layers  was,  therefore,  sufficient  to  maintain  a  tangential  mean  flow  at  the 
apex  and  the  interaction  did  not  generate  any  growing  disturbances  in  the  down¬ 
stream  wake.  This  is  in  marked  contrast  to  the  shear-layer  interactions  respon¬ 
sible  for  the  generation  of  tones  at  the  blunt  trailing  edges. 

The  noi.se  theory  of  Howe  (1978),  which  applies  to  the  generation  of  continuous 
spectrum  aerodynamic  sound  and  surface  pressures  in  cases  such  as  those  described 
here,  is  summarized  below.  It  is  used  to  account  for  the  observed  differences  in 
surface  pressure  in  terms  of  deduced  vortex  structure.  Postulating  that  the  source 
region  above  and  downstream  of  the  edge  constitutes  a  region  of  nonvanishing  7  ■ 

(  X  :.!),  where  and  U  are  the  aerodynamic  vorticity  and  velocity  fields,  respet- 
jvuiy;  and  where  V  is  the  divergence  operator,  Howe  obtains  an  expression  for  the 
surface  pressures  (on  y  =  0)  and  at  a  location  (x,z)  on  the  surface  (illustrated  in 
Figure  17)  and  time  t  which  is 


h  is  the  average  local  convection  velocity  of  the  eddies  at  a  distance  y  from  the 
surface,  sgn(y)  =  +1  for  pressures  on  the  same  side  of  the  surface  as  the  flow  y  = 
0*"  and  sgn(y)  =  -l  for  pressures  on  the  opposite  side  (y  =  0  ).  The  error  function 
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is  the  acoustic  wave  number,  qj/co  and  £5  is  the  generalized  Fourier  transform  of  the 
source  vorticity  defined  as 


(k,y '  ,oj) 


Hit  ) 


a,(x,  t) 


dx  dz  dt 


(9) 


In  the  theory,  the  complete  Kutta  condition  was  evoked  at  the  edge  to  remove  any 
possibility  of  a  discontinuous  pressure  between  the  upper  and  lower  surfaces.  This 
insures  tangential  flow  at  the  apex,  accounts  for  the  error  function,  and  for  the 
presence  of  U  ,  which  is  a  convection  velocity  of  eddies  in  the  wake.  These  eddies 
are  generated  in  the  wake  in  just  sufficient  quantity  to  insure  parallel  flow  at  the 
edge.  In  writing  down  Equation  (8),  the  general  result  has  been  specialized  to  a 
f Low  vector  perpendicular  to  the  edge,  and  an  eddy  convection  Mach  number  less  than 
unity . 

Pertinent  assumptions  made  in  the  derivation  of  Equation  (8)  for  our  purposes 

are : 

1.  The  eddy  field  is  frozen  during  the  time  that  it  translates  past  the  edge. 

2.  The  eddy  convection  velocity  Uc(y')  is  equal  to  the  local  mean  velocity  in 
the  boundary  or  shear  layer. 

3.  The  wake  vorticity  created  in  response  to  the  eddv-edge  interaction  via  the 

Imposition  of  the  Kutta  condition  is  concentrated  in  a  thin  sheet,  C ( y ) ,  and  is 

convected  in  frozen  fashion  at  velocity  U  .  The  velocities  U  (y)  and  U  are  parallel 

J  W  C  w 

to  the  wall. 

A.  The  source  team  w  x  U  is  such  that  ut  x  U  -  m  x  U.  This  requires  that 


-  dUl 

V  (w  x  (J)  >>  V  -  k  x  u 

dy  Z 

> 

where  is  the  unit  vector  parallel  to  the  edge  and  u  is  the  fluctuating  velocity 
vector.  If  the  above  inequality  does  not  hold,  it  will,  affect  the  results  through 
the  form  of  the  shed  vorticity  arising  from  imposition  of  the  Kutta  condition.  As 
shown  by  Crighton  and  Leppington  (1971)  a  half-plane  i.  a  suitable  approximation  to 
a  wedge  as  long  as  the  included  angle  is  small  enough;  by  their  theory  a  29°  included 
ingle  wedge  yields  less  than  10%  change  in  the  theoretical  dependence  of  radiated 
sound  on  Mach  number  with  the  half-plane. 

Equation  (8)  is  too  complicated  for  our  purposes  so  it  will  be  recast  to  give  a 
spectrum  function  for  the  surface  pressures.  The  definition  of  the  vorticity 
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spectrum  of  the  type  given  by  Equation  (9)  is  approximately  valid  as  far  as  the 
tra il in g-edge  noise  is  concerned  because  of  the  limited  range  of  k^rx  over  which  the 
pressures  are  shown  to  he  correlated  in  Figure  13,  compared  to  the  extent  (kcAx) 
over  which  the  vorticity  field  exists.  The  vorticity  field,  as  indicated  by  the 
behavior  of  the  surface  pressure,  is,  thus,  approximately  locally  homogeneous. 

Thus,  in  relation  to  the  acoustical  effect  of  edge  scattering,  any  noise  due  to  the 
upstream  vortex  generation  process  is  assumed  negligible. 

The  cross  spectrum  of  surface  pressures,  referred  to  a  coordinate  x  with  sepa¬ 


ration  r  is  <tp(x,r,oj)  and  it  may  be  regarded  as  having  a  spanwise  wave  number  spec¬ 
trum 


1  r-L„/2  -ik  r 

$  r/x>rv>k7>  ■)  =  —  /  e  Z  Z  *  (r,ou)  dr  (9) 

P  X  Z  2  7i  -L3/2  P 


as  long  as  the  field  is  statistically  homogeneous  along  the  span,  .  The  span  also 
must  exceed  the  spanwise  correlation  length  2A^,  defined  by  Equation  (9)  of  Part  1. 
This  assumption,  therefore,  also  applies  to  the  vorticity  field.  Accordingly, 
Equation  (8)  yields  a  spectral  density  at  Position  x  with  zero  streamwise  separation 
(i.e. ,  rx  =  0) 


Mx,  kz,  w)  =  k  f  dy  C  dy’  p2  [Uc 


-kx(y+y') 


|l  +  sgn(y)  Erf  (/ix  (kx  +  kz))|2  4>w  (kx,  ky,  u  ,  y,  y')dkx  (10) 

where  ^  ’ s  the  spectrum  of  the  vorticity  field.  The  auto  spectral  density  of 

the  pressure  at  Position  x  is  given  by  an  integral  of  $  (x,k  ,oj)  over  all  spanwise 

P  z 

wave  numbers,  -®>  <  k^  <  00  .  The  spanwise  correlation  length  of  the  pressure  is 
related  to  its  wave  number  spectrum  by 

At  =  7i  lim  [<!>  (x,  k  ,  oj)  /  (x^)]  (11) 

3  k  -  0  p  z  p 

z 

Further  simplifications  of  Equation  (10)  are  possible.  We  have  argued  above 
that  the  streamwise  correlation  of  wall  pressure  follows  approximately  the  behavioi 


84 


shown  in  Figure  14,  and  is  thus  confined  to  a  limited  range  of  k.  r  .  This  indicates 
that  the  corresponding  wave  number  spectrum  of  the  vorticity  will  be  con!  ined  to  a 
region  ik  centered  on  the  convection  wave  number  k  .  If  we  model  the  vort icily 
spectrum  using  a  vortex  sheet  of  the  type  introduced  by  Equations  (11)  and  (I  la)  in 
Fart  1,  then  the  parameters  of  this  spectrum  may  be  collected  in  the  groupings  given 
bv 


(k  ,k  ,w,y,y') 
‘3  3  X  Z 


uf  4>(w,k  ,k  )  (myf/U  )2  5(v-y  )  f.(y-y') 


( i: 


where  u^  is  the  local  maximum  value  of  streamwise  velocity  fluctuation  and  y  is  tin. 
m  o 

trajectory  of  the  vorticity.  The  term  <j>(m,k  ,k  )  is  a  spectrum  function  normalized 

x  z 

—*r 

on  u~  and  peaked  about  k  =  k  as  described  above, 
m  r  x  c 

This  function  is  roughly  Independent  of  as  long  as  k^  <  jr/.'.  and  sy.steit.ut  i 

ally  decreases  as  k  >  l/‘  .  To  the  extent  that  .•/ j  »  if/.'.,  »  k  ,  the  argument 
z  3  c  3  o 

of  the  error  function  in  Equation  (10)  thus  simplifies  to  k^.  The  error  function 
also  may  now  be  dropped  in  accordance  with  its  being  small-valued  for  k( x  >  1.  The 
surface  pressure  spectrum  then  behaves  parametrically  as  (assuming  Uc  “  Ug) 


4> 

PP 


(x, 


“W 


222  _2kcyo 
p  u  U  e 
o  m  s 


<f>(wyf/Ug;  x) 


(13) 


for  positions  far  enough  upstream  from  the  apex  that  kcx  >>  1.  The  term  1  (x, 

.y./Ug)  is  a  dimensionless  spectrum  function.  Equation  (13)  accounts  for  part  of 
the  observed  level  difference  between  the  surface  pressure  at  Position  F  on  the 
knucicJe  edge  and  at  Position  G  on  the  round  edge  that  is  shown  in  Figure  10.  Since 
1<  v  =  ("’/(-/Ug)  •  (Ug/Uc)  ’  (yQ/yf )  ,  and  since  at  the  respective  positions  y q / y ^  = 
ii. 4  and  0.6  for  the  knuckle  (K)  and  round  (R)  edge,  respectively,  the  ratio  of 
suri ace  pressures  on  the  two  edges  is  given  in  order  of  magnitude. 
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The  factors  in  the  exponential  for  the  knuckle  and  round  edge  are  determined  by 
Uc/Us  -  0.46  and  0.54  at  y^/y^  ~  0.41  and  0.6,  res'  -ctively.  The  distance  yQ  from 
the  surface  is  the  location  of  the  turbulence  maximum.  Of  the  12  dB  difference  in 
spectra  shown  in  Figure  10,  therefore,  8  dB  can  be  accounted  for  by  a  reduced  inten¬ 
sity  shear  layer  and  a  greater  displacement  of  y^  relative  to  y^. 

The  presence  of  the  error  function  in  Equations  (8)  and  (10)  account  for  pres¬ 
sure  contributions  due  to  local  scattering  at  the  trailing  edge.  Subject  to  the 
conditions  k^  >>  >>  kQ,  these  effects  are  confined  to  the  region  well  within  an 

aerodynamic  wavelength  such  that  k^^  <  1;  a  perception  of  how  close  this  region  is 
to  the  apex  can  be  deduced  from  the  phase  information  in  Figure  13  which  shows  ■»  = 
kcx.  For  uiy^/Ug  >  1,  nearly  all  measurement  locations  were  outside  the  region 
affected  by  the  error  function.  A  similar  restriction  holds  for  the  measurements 
t  ;ken  on  the  rounded  bevel  edge.  Thus,  dropping  that  function  in  discussing  present 
data  is  justified.  The  work  of  Brooks  and  Hodgeson  (1981)  does  examine  this  be¬ 
havior  at  very  thin  edges  without  separation. 


6.2  DEDUCTIONS  REGARDING  AERODYNAMIC  SOUND 

In  Fart  1,  an  expression  was  derived  that  related  the  radiated  sound  pressure 
to  the  autospectrum  and  the  spanwise  correlation  length  of  surface  pressures  in  the 
case  of  tonal  sound  generation.  For  continuous-spectrum  sound,  similar  relation¬ 
ships  have  been  derived  by  Howe  (1978),  Chandiramani  (1974),  and  Chase  (1975). 

Howe's  (1978)  result  for  the  spectral  density  of  the  far-field  radiated  sound  due  to 
aeroacoustic.  scattering  from  the  rigid  half  plane  is  written 

1  -  0  2LA3 

$  ,  (X.rn)  =  —  sin^  -  |  sin  9 )  771,  —r~  ,.(u>)  (14) 

rad  8  2  C  r 
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where  p(u)  represents  the  integrated  influence  of  the  entire  vortical  source  region, 
and  771  represents  the  average  convection  Mach  number  of  turbulence  past  the  edge, 

/ C  .  The  function  p(u>)  is  related  to  the  spectral  density  of  the  surface  pressure 
by 

(w)  -  —  t  (x,  k  =  k  cos  <f,  .)  (i  r>) 

p  o 

‘  3 

when  k^x  =  u)/Uc  >  1.  Since,  as  proposed  above,  t / A >>  k  ,  Equation  (15)  reduces  to 

c(.)  =  f  (x,.)  .x/U  ■  1  andlll  =  k  /k  •  ••  1  (16) 

p  c  c  o  c 

using  Equation  (11).  For  Equation  (14),  the  half  plane  lies  in  the  Xj  =  0  plane, 
the  edge  lies  along  =  0 ;  -  0;  as  shown  in  Figure  17,  coordinates  of  the  acous¬ 

tic  field  points  are  X^  =  r  sin  if  cos  6;  X.,  =  r  sin  if  sin  0;  X^  =  r  cos  (.  Equation 
(.14)  with  Equation  (16)  is  analogous  to  Equation  (27)  of  Part  1,  and  it  has  been 
verified  experimentally  by  Brooks  and  Hodgeson  (1981). 

The  important  parameters  used  to  describe  the  sound  pressure  in  each  case  are 
the  surface  pressure  spectra  shown  in  Figure  10,  the  convection  velocity  of  the 
vorticlty,  and  the  spanwise  correlation  length  to  be  described  below  for  the  beveled- 
edge  flows. 

Spanwise  cross-spectral  densities  at  Position  F-l  on  the  rounded  edge  are  shown 
in  Figure  18,  and  are  typical  of  those  to  be  expected  beneath  attached  flow  in  ad¬ 
verse  pressure  gradients.  The  correlation  length  indicated  by  these  measurements  is 
a  function  of  frequency,  since  the  length  scale  determining  the  cross  spectrum  is 
E  /  For  this  edge,  according  to  the  definition  used  in  Equations  (9)  and  (10)  of 
'’.irt  i 


A.,  *  1.2  U  /.<  =  1.2/k  (17) 

3  c  c. 

Fully  developed  boundary  layers  have  a  slight  longer  correlation  length  at  a  given 
value  of  kc ,  as  indicated  in  Figure  18. 

More  interesting  behavior  is  shown  by  the  spanwise  functions  beneath  separated 
flow  for  Position  F  of  the  knuckle  edge  as  shown  in  Figure  19.  Here  the  functions 
have  an  envelope  that  is  bounded  closely  by  a  shape  such  as  that  drawn  in  Figure  18; 
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Figure  18  -  Normalized  Lateral  Cross-Spectral  Density  Magnitudes  of  Fluctu¬ 
ating  Surface  Pressure  at  Position  El  on  25°  Rounded  Bevel  Edge. 
Open  Points,  U  =  100  ft/s;  Closed  Points  II  =60  ft/s,  U  - 
0.55  Ua.  “  c  c 


for  this  envelope 

A,  =  2.2  U  /u>  (18a 

J  c 

which  is  actually  similar  to  that  existing  in  attached  boundary-layer  in  zero  pres¬ 
sure  gradient.  At  small  values  of  ..>rz/U  ,  the  cross  spectrum  flattens;  for  each 
value  of  r  ,  the  value  of  /U  ,  at  which  Mr  departs  from  the  relatively  smooth 


V.-:  16  -  0  8t 


r lagged  frequencies  s  t 


Figure  L9  -  Cross-Spectral  Densities  of  Pressures  in  the  Zone  of  Separated 
Flow  on  the  25°  Knuckle  Trailing  Edge.  Flagged  Points  Denote 
Frequencies  for  Whirh  iyf/Us  =  1.  The  Inset  Gives  the  Corre¬ 
lation  of  Low  Frequency  >:yf/Us  -  1  Pressure  Which  are  Shown  as 

Plateaus  at  Small  Values  of  coyo  in  the  Main  Figure. 

merit  i a  1- 1  ike  behavior,  corresponds  to  ,v  ./U  1.  These  points  are  marked  by  a 

is 

'  ice  Figure  191  .  The  inset  shows  ; ( r  j , .: )  for  a  sample  of  frequencies,  such 
■.  _  / 1!  I,  as  a  function  of  r  y'  v^..  The  knuckle  bevel  appears  to  generate  two 
twiso  scales  which  depend  on  frequency,  thus: 


i  y  f 


"VUs 


rot,  Equation  (18a>  witli  li  / U  »  0.4b,  and 

c.  s 


The  value  of  for  low  frequency  contrasts  to  the  values  of  3.5  for  the  blunt 
trailing  edges  with  tones.  These  integral  scales  and  the  spectra  of  Figures  10  and 
12  may  be  used  to  predict  aerodynamic  sound  from  airfoils  fitted  with  these  edges. 
For  nonseparated  flow,  values  lying  between  that  given  in  Equation  (18>  and  about 
double  that  value  (with  -  0.6  U^)  may  be  used.  For  separated  flow  values,  A 
given  by  Equations  (18b)  and  (18c)  may  be  used. 

7.  CONCLUSIONS 


7.1  GENERAL  COMMENTS 

A  few  general  statements  may  now  be  made  concerning  the  trailing  edge  flows  of 
lifting  surfaces.  The  turbulent  flows  off  thin  airfoils  with  sharp  trailing  edges 
are  not  expected  to  produce  tones,  as  measurements  of  Chevray  and  Kovasznay  (1969) 
nave  shown.  Practicalities  often  dictate  the  necessity  that  some  finite  trailing 
edge  thickness  may  produce  tones  or  enhanced  continuous  spectrum  pressures.  Such 
behavior  has  been  observed  in  the  sounds  radiated  by  helicopters  such  as  presented 
by  Leverton  (1973).  Even  when  the  edge  is  beveled  at  such  a  small  angle  as  to  pre¬ 
vent  the  generation  of  an  aerodynamically  unstable  vortex  sheet,  large-scale  motions 
that  have  many  aerodynamic  features  qualitatively  in  common  with  discrete  vortex 
shedding  will  be  generated.  Trailing  edge  pressures,  however ,  which  develop  from  the 
vortex  street  formation  on  the  one  hand,  or  from  the  less-ordered  large-scale  sepa¬ 
ration  on  the  other,  will  generate  pressure  fields  of  very  different  magnitudes, 
though  the  frequency  spectrum  of  each  type  of  pressure  will  be  describable  in  terms 
of  y..  and  U  =  U  ►  1-Cp  ;  y,  is  the  cross-wake  dimension  at  the  end  of  tKe  ..rtex 
formation  zone,  or  near  the  apex  of  the  edge  in  the  case  of  continuous-spectrum 
pressures,  and  Cp  is  the  tat ic-pressure  coefficient  in  the  separation  zone. 

7.2  MINIMUM  REYNOLDS  NUMBER  FOR  PERIODIC  WAKE  GENERATION 

Periodic,  or  nearly  period ic,  disturbances  were  generated  on  the  blunt,  edge  and 
oi  the  45®  rounded  edge  above  a  certain  onset  speed,  as  described  in  Part  1.  A  low 
amplitude,  nearly  periodic,  disturbance  was  also  observed  in  the  near  wake  of  the 
7V‘  rounded  eige  at  the  Highest  test  velocity  available.  Although  classified  .c- 
rortsinging  in  this  and  previous  work  of  iieukested  and  o! Herts  i  i%':'  ,  even  t  hi  - 
relatively  thin  edge  may  generate  a  periodic  d i s t u ibam  e  above  sene 
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Reynolds  number,  as  shown  In  Part  1,  Figure  22.  Using  a  definition  of  Reynolds 
number  based  on  the  wake  parameter  yf,  these  limiting  speeds  corresponded  to 
U^y^/v  =  5.2  x  10^  for  the  25°  edge,  3.3  x  10^  for  the  45°  edge,  and  roughly  10^ 
for  the  blunt  edge.  Length  scales  have  been  taken  as  y^  =  0.37  h  and  0.5  h  for  the 
25°  and  45°  round  edge,  respectively,  and  0.8  h  for  the  blunt  edge.  Note  the  con¬ 
sistent  increase  in  onset  Reynolds  number  as  the  apex  angle  of  the  edge  is  decreased. 
Since  the  nearly  periodic  disturbance  for  the  25°  rounded  edge  was  observed  in  the 
wake  and  in  the  surface  pressures  only  at  the  maximum  speed  capability  of  the  facil¬ 
ity,  it,  therefore,  could  not  be  studied  in  any  detail. 

Although  a  universal  Strouhal  number  based  on  a  geometric  length  of  the  trail¬ 
ing  edge  has  not  been  isolated  in  this  study,  an  approximate  dimensionless  frequency 
is  ugyf/Us  -  1.  The  length  y^  for  the  blunt  and  rounded-beveled  edges  has  been 
given  above.  Other  dimensionless  forms  have  been  proposed  by  other  authors  for 
specific  trailing-edge  forms,  and  they  may  give  frequencies  more  precisely  in  those 
cases;  however,  none  appear  to  have  both  a  practical  and  a  universal  application. 

When  shedding  does  not  occur,  the  random  pressures  are  bounded  by  the  upper  limit  in 
frequency  wyf/Ug  a  1.  Here,  values  of  are  the  same  as  those  given  previously  for 
tones;  for  the  25°  knuckle-beveled  edge,  yf  is  approximately  0.7  to  0.8  h  and 
Ug/U^  *  1.15 

7.3  MAGNITUDES  OF  SURFACE  PRESSURE 

The  levels  of  all  continuous-spectrum  pressures  generated  on  the  trailing  edges 
of  this  study  appear  to  be  reasonably  well  bounded  by  a  10  dB  spread  as  noted  by 

examining  Figures  10  and  11.  In  a  rough  sense,  and  for  a  given  edge  geometry,  the 

spectrum  shapes  are  all  similar  functions  of  (i)y^/Ug.  For  the  25°  rounded  bevel,  the 
pressures  generated  closest  to  the  apex  and  in  the  upstream  extremity  of  the  separa¬ 
tion  at  low  frequencies  were  only  slightly  greater  than  or  comparable  to  pressures 
generated  upstream  in  the  attached  boundary  layer.  At  frequencies  greater  than 
wyf/Us  >  1,  the  pressures  of  fully  attached  turbulent  boundary  layers  may  actually 
be  much  greater  than  the  pressures  generated  in  a  trailing-edge  separation  zone  if 

it  occurs.  However,  the  pressures  generated  in  this  zone  may  have  enhanced  cross¬ 

stream  correlation.  The  flow  separation  thus  generates  a  flow  field  of  predominantly 
large-scale  convected  vortical  disturbances.  On  the  basis  of  aerodynamic  noise 
theory,  one  would  therefore  expect  a  blunt  edge  with  a  limited  separation  zone  such 
as  the  25°  rounded  edge  to  generate  less  high  frequency  sound  (i.e.,  u,yf/Ug  >  1) 
than  a  thin  airfoil  with  no  separation  whatsoever. 
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Prediction  of  the  magnitudes  of  unsteady  pressures  beyond  the  general  guidelines 
given  here  appears  quite  impossible  with  current  knowledge.  Not  enough  is  known  of 
the  effects  of  upstream  history  on  separation  and  on  the  unsteady  motions  produced 
in  the  near  wake  to  make  realistic  magnitude  estimates.  For  blunt  edges  which  pro¬ 
duce  tones,  however,  even  though  there  is  some  dependence  of  the  strength  of  the 
vortex  street  wake  on  the  thickness  of  the  upstream  boundary  layer  relative  to  the 
geometric  thickness  of  the  trailing  edge,  the  pressures  and  vortex  strengths  of  the 
near-wake  vorticity  seem  reasonably  well  bounded.  The  current  results  may  therefore 
be  used  in  a  predictive  sense  for  cases  involving  airfoils  of  fairly  uniform  thick¬ 
ness,  small  camber,  small  ratios  of  upstream  boundary  layer  thickness  to  base  thick¬ 
ness,  and  moderately  large  curvature  of  the  trailing  edge  to  promote  flows  suffi¬ 
ciently  dominated  by  trailing  edge  geometry.  In  the  case  of  tone  generation,  the 
results  shown  in  Part  1,  Figure  22,  and  Equation  (26),  may  be  used  for  lifting 
surfaces.  This  was  demonstrated  when  the  theory  was  compared  with  Brooks  and  Hodge- 
son's  (1981)  measurement  of  aerodynamic  sound  from  a  blunt  trailing  edge. 
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